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This book focuses on the Arabian Plate and its surroundings, including some key areas from 
Saudi Arabia, Lebanon in the east, to Egypt and Tunisia in Northern side of the African plate. 
It comprises a set of 10 papers combined into three different themes, dealing successively with 
the (I Sedimentary basins, petroleum resources and reservoirs in the Arabian plate, 
(II) Geophysics and structural styles, (III) Hydrology, hydrogeology and water resources of the 
Arabian plate in the Kingdom of Saudi Arabia. 


Part 1: Sedimentary Basins, Petroleum Resources and Reservoirs 
in the Arabian Plate 


Part I is made up of a very comprehensive set of three original papers. 

The first paper by N. AL-Ghamdi and M. Pope deals with the Stratigraphic architectures, 
facies anatomies of the Lower Cretaceous Biyadh and Shu'aiba formations, and their impli- 
cations on platform evolution and global correlation in Saudi Arabia, providing an updated 
data base on the sedimentary facies variations of the lower Cretaceous reservoirs in the eastern 
province. 

The second paper by Gabor Tari et al., with an in-depth review of The Lower Cretaceous 
Chouf Sandstone of Lebanon which is a regional reservoir level in the Levant, northern 
Arabian plate, Lebanon. The authors discuss a model of a wide-rift style extensional episode 
for northern Lebanon during the Early Cretaceous (Valanginian to Barremian), which pro- 
vided the accommodation space for the deposition of the Chouf Sandstone Formation. They 
present also some future exploration concepts. 

The third paper by M. Bédir and M. Issaoui deals with a comprehensive view of the 
Seismic tectono-stratigraphy and hydrocarbon prospectivity of the deep marine 
Oligo-Miocene siliciclastic reservoirs lowstands in the Northern Levant Basin based on 
detailed interpretations of seismic sections and subsurface data in the offshore Lebanon. 

The fourth paper by S. Rohais and R. Delphine is dealing with Source-to-sink analysis 
of the Plio-Pleistocene deposits in the Suez rift (Egypt). The authors present a study of the 
Plio-Pleistocene deposits in the Suez rift (Egypt) using stratigraphic records and quantitative 
geomorphology analysis. They constrain relief evolution in a rift setting from a high-resolution 
database at basin-scale including, digital elevation model, outcrops and subsurface data. They 
present five main stages ranging from rift initiation to tectonic quiescence (Oligo-Miocene) as 
well as a post-rift stage (Plio-Pleistocene). 


Part Il: Geophysics and Structural Styles 
This part is mad up of three chapters. 


The first paper by Gharbi et al., deals with The Southern Atlas front in southern Tunisia: 
Regional-scale geometry and structural evolution. It is based on presentation and discussions 


vi 


of balanced cross section in the Southern Atlas front in the southern Atlas of Tunisia, 
including some insights from outcropping structures. 

The second paper by H. Harbi is a review on the use of U-Pb zircon geochronology and 
geochemistry for some plutonic rocks from the Afif terrane of Saudi Arabia along the Arabian 
Shield. The author integrates the analyses in a big regional view and discusses the implications 
of the results for the crustal evolution in the Arabian shield. 

The third paper by AI Garni et al. is about aeromagnetic data investigation of Al-Shamiyya 
area, northeast of Makkah quadrangle, Saudi Arabia. The authors integrate aeromagnetic data 
interpretations to underline and interpret the structural lineaments and framework in AI 
Shamiyya terranes, a key area and part of the Arabian shield. 


Part Ill: Hydrology, Hydrogeology and Water Resources 


The first paper by S. Bajabaa deals with groundwater contamination in the Wadi Haliy area, 
southwestern Arabian Shield, Saudi Arabia. The author shows a set of important analyses and 
interpretations in term of water pollution by heavy metals in an area with huge needs for good 
water resources in the Arabian shield. 

The second paper by N. S. Al-Amri, and A. M. Subyani, treats the analysis of rainfall, 
missing data, frequency and PMP in Al-Madinah area, Western Saudi Arabia. The authors 
discuss deeply the estimation of rainfall variability, especially in arid regions, and major 
elements for flood prediction and water resources development design works. Such approach 
presents a major challenge to water resources management in arid regions due to the extreme 
random and erratic nature of rainfall events, which is further compounded by climate change 
impact. 

The third paper by H. A. Saleem, M. O. Alharbi and A. M. Subyani discusses and presents 
the hydrochemical assessment of groundwater within the lower Wadi Ranyah, Western Saudi 
Arabia, using multivariate statistical technique. In fact, Wadi Ranyah is located in an arid 
region of the western mountains of Saudi Arabia, which is a highly potential resource for both 
surface and groundwater. This shallow aquifer is highly demanding and it is subjected to 
intense exploitation due to the influence of human activities. 
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Sedimentary Basins, Petroleum Resources 
and Reservoirs in the Arabian Plate 


Nasser AL-Ghamdi and Mike Pope 


Abstract 

The Early Cretaceous Biyadh and Shu'aiba formations 
form giant carbonate reservoirs with complex architec- 
tures and heterogeneous reservoir characteristics. This 
paper presents an integrated research where, core data, 
wireline logs, biostratigraphy and stable isotope data are 
integrated to constrain the stratigraphic architectures for 
reservoir characterization. The study also provides a new 
regional and global correlation that has significant 
implications on the evaluation of paleo climate and 
glacio-eustatic controls of the Lower Cretaceous systems. 
The Biyadh Formation consists of a composite sequence 
and four high-frequency sequences. S1 and S2 formed the 
TST with chalky mudstone facies that shallow up to 
skeletal grainstone of 53 and S4. The Shu'aiba Formation 
consists of a 2nd-order sequence, comprised of four 
3rd-order sequences and ten high-frequency sequences. 
51-53 record the initial TST followed by the regional 
MFS (K70) and the deposition of an extensive 
Lithocodium/coral facies. 54-56 marks the onset of rudist 
buildup that changed laterally to fore-bank, slope and 
basinal settings with basinward clinoform geometry, 
followed by HST of shallow lagonnal milliolids pack- 
stone facies of S7 and 58. S9 and 510 occured on the 
platform edge recording progradational systems formed 
during a major forced regression in the Late Aptian. They 
composed of a lowstand wedge of argillaceous mudstone 
that shallow upward to grainy marginal facies. A refined 
position of K70 and K80 and their relation with the global 
sea-level changes and perturbations in the Earth system 
have been proposed. Evidences of glacial events during 
the Aptian are recorded within the Shu'aiba sequences 
alternating with warming events associated with 
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nannoconids crisis and Oceanic Anoxic Event (OAE 
la). The stratigraphic record in this study and their global 
correlation suggests that the Barremian stage was dom- 
inated by warm greenhouse interval, followed by rapid 
climate change of possibly more transitional interval in 
the Aptian associated with glacial events. 


1.1 Introduction 

The Lower Cretaceous Shu’aiba Formation is one of the 
main oil producers in the United Arab Emirates, Oman, 
Qatar and Saudi Arabia (Alsharhan and Nairn 1986; 
Alsharhan 1995; Hughes 2000; Borgomano et al. 2002; van 
Buchem et al. 2002; Immenhauser et al. 2004; van Buchem 
et al. 2010; AL-Ghamdi and Read 2010). The Lower Cre- 
taceous Barremian and Aptian successions of Biyadh and 
Shu’aiba Formations (Figs. 1.1 and 1.2), are NE-trending 
carbonate rudist build-up with average thickness of 600 ft 
(183 m) located in a remote area within the Empty Quarter. 
The Shu’aiba carbonate build-up in the study area formed on 
the edge of a shallow ramp bordering the adjacent intra-shelf 
basin (Fig. 1.1). The Shu’aiba Formation has complex facies 
architecture with heterogeneous reservoir quality, due to the 
development of rudist banks, syn-depositional faulting and 
later diagenetic overprinting. Sequences within the build-up 
are difficult to map, likely because of growth faulting, 
depositional topography, rapid facies changes and stacking 
and shingling of rudist banks. The Shu’aiba reservoir in the 
study area has been producing for 14 years and a 
high-resolution sequence stratigraphic framework is essen- 
tial to build a secondary development plan for this giant oil 
field. 

Early description for the Shu’aiba Formation was con- 
ducted by Ziegler (1976). The first geological model for 
reservoir modeling was produced by Aktas and Hughes 
(2000). However, the descriptive framework was mainly in 
terms of depositional setting rather than rock types. 
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Fig. 1.1 Aptian paleogeographic 
map for the Arabian Plate 
showing the location of study area 
and the intrashelf basins. Modern 
plate boundaries are shown with 
red lines 
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A detailed description of biofacies and their environments 
was provided by Hughes (2000). A higher resolution 
stratigraphic model and detailed description, including the 
first clinoform geometries on the platform margin was out- 
lined by AL-Ghamdi and Read (2010). However, this model 
was only based on 14 wells, limited stable isotope and 
biostratigraphic data. This study presents a new 
high-resolution rock-based, sequence-stratigraphic model, 
refining the 2-D reservoir facies anatomy using 55 
cored-wells, gamma ray logs and extensive isotope data (26 
wells). This detailed framework will be integrated with 
petrophysical and engineering data to build new 3-D reser- 
voir and simulation models and it should provide insights for 
new horizontal drilling locations and secondary and tertiary 
hydrocarbon recovery. 

The Aptian stage provide one of most prominent time in 
geological history that records dramatic changes in biota and 
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environmental conditions associated with the perturbation of 
global carbon cycles (Fóllmi et al. 1994; Jenkyns 2003; 
Weissert and Erba 2004). The Lower Cretaceous Barremian 
and Aptian record global high sea-level changes, that greatly 
influenced the stratigraphic records (Matthews and Frohlich 
2002; Immenhauser and Matthews 2004; Al-Husseini and 
Matthews 2010; Droste 2010). High-resolution orbital 
cyclostratigraphy of the Aptian suggests that the main 
driving mechanism are the ~400 and ~ 100 ky eccentricity 
orbital cycles (Al-Husseini and Matthews 2010; Huang et al. 
2010). The high-resolution rock-based stratigraphic frame- 
work in this study will be tied to and compared with global 
sea-level charts (Rohl and Ogg 1998; Hardenbol et al. 1998; 
Haq and Schutter 2008), the standard carbon isotope curve 
(Fóllmi et al. 2006) and cyclostratigraphy (Al-Husseini and 
Matthews 2010) to evaluate the influence of global sea-level 
changes on the evolution of the Shu'aiba platform. This 
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Fig. 1.2 Barremian to Aptian chronostratigraphy of the study area, 
showing the general sequence stratigraphy. Modified from van 
Buchem et al. (2010) 


global correlation is the key to understand and evaluate the 
regional stratigraphic framework and hierarchy of the Early 
Cretaceous Arabian Plate presented in van Buchem et al. 
(2010). It also help refine our understanding of global cli- 
mate during the Early Cretaceous Barremian and Aptian, 
because it was suggested that the Aptian may record a time 
of global cooling interval, within the prevailing Cretaceous 
greenhouse system, possibly associated with glaciation in 
the poles (Weissert апа Lini (1991); Frakes 
et al. 1995; Frakes 1999; Stoll and Scharge (2000); Alley 
and Frakes 2003; AL-Ghamdi and Read 2010). The global 
correlation will help improve our understanding of the 


Biyadh and Shu'aiba stratigraphic architecture, thus pro- 
viding a better chronostratigraphic model for reservoir 
development and possible exploration potential in the area 
and around the world. 


1.2 Geological Setting 


The present Arabian Plate (Fig. 1.1) 1s bordered to the north 
by a convergent margin with the Eurasian Plate, forming the 
fold and thrust belt of the Taurus and Zagros Mountains. To 
the west and southwest, are the divergent rift zones in the 
Gulf of Aden and Red Sea. The northwestern margin is 
bounded by strike-slip faults in the Gulf of Aqaba and the 
Dead Sea region. The Arabian Shield, a block of Precam- 
brian basement, in the western part of the Arabian Peninsula, 
periodically provided siliciclastic sediments to the Arabian 
Shelf, that formed on the eastern Arabian Peninsula. The 
Arabian shelf thus consists of both siliciclastic and carbon- 
ates rocks and started as an intra-cratonic phase from 
Proterozoic to Middle Permian, followed by a passive mar- 
gin phase in the Mesozoic. This culminated in the active 
margin phase in the Cenozoic that persists to the present-day 
(Harris et al. 1984; Christian 1997; Sharland et al. 2001). 

The Early Cretaceous is marked by rifting of the Indian, 
Australian and Antarctic plates away from the African and 
Arabian plates. The Arabian Plate separated from Africa and 
moved toward the Neo-TethysOcean and developed passive 
margins on its north, northeast, and southeast margins. The 
eastern margin of the Arabian Plate faced the open 
Neo-TethysOcean, and lay several degrees south of the 
equator. Early Cretaceous intra-shelf basins were created by 
infra-Cambrian Hormuz salt movement (Sharland et al. 
2001; Ziegler 2001). Rudist banks, such as those in the 
Shaybah region, were deposited on the margins of these 
intra-shelf basins during the Aptian. The intra-shelf basins 
were separated from the open Neo-TethysOcean by a narrow 
carbonate barrier system (Christian 1997; Sharland et al. 
2001; Ziegler 2001; Greselle and Pittet 2005). 

The Shu’aiba Formation described in this field study is 
located on a northeast-trending, doubly plunging anticline, 
and is divided by zone of EW-trending faults into northern and 
southern blocks (Fig. 1.3). The regional structure was mainly 
affected by northeast-trending faulting parallel to the Dibba 
Lineament, and sub-parallel to the trend of Shaybah field. The 
field is located on a basement uplift that appears to have 
influenced the growth of the build-up, implying 
syn-sedimentary tectonics (AL-Ghamdi and Read 2010). This 
syn-depositional faulting influenced the stratigraphic frame- 
work, the thickness and facies distribution of the Shu’aiba 
successions. The field was divided into two depositional 
blocks by an E-NE-trending growth fault zone; each block has 
its own distinctive facies architecture and 


Fig. 1.3 Base map and facies 
distribution at S6 of Shu'aiba 
platform showing three 
cross-section traverses (А-А”, В- 
В” and С-С” and 55 cored-wells 
used in this study 


sequence-stratigraphic development. The present-day Shay- 
bah structure was developed during the Cenomanian in 
response to intra-oceanic compressional tectonics in the 
Neo-Tethys region, and was truncated by pre-Aruma erosion 
(Middle Turonian unconformity) related to uplift of ophiolitic 
nappes in Oman (Aktas and Hughes 2000). 


1.3 Methodology and Data Sets 


Fifty five cored wells, averaging 450 ft (140 m) each, 
totaling 16,142 ft (4,920 m) of cores, penetrating the 
Shu'aiba Formation were logged bed-by-bed and examined 
using a binocular microscope. Three Wells (12, 11 and 9) 
penetrate deeper into the Barremian Biyadh Formation, 
providing the first opportunity to describe and evaluate this 
succession. Core descriptions included gross lithology 
(shale, limestone and dolomite), rock type, grain-size, shape 
and sorting, vertical succession of lithologies, location of 
bounding surfaces, types of biotic constituents and pore 
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system distribution. Microfacies analysis were examined 
using thin sections during the core logging to confirm the 
types of constituents (including foraminifera) and diagenetic 
modifications of grains and matrix. Stable carbon and oxy- 
gen isotope data from 26 wells also were collected and 
calibrated with core descriptions to constrain the age model 
of the Shu’aiba Formation especially in the slope and open 
marine settings where the Lower/Upper Aptian boundary 
occurred. 

A generalized type core description of the entire study 
interval (Fig. 1.4) calibrated to its gamma ray log provides 
the basis for a 1-D interpretation of lithofacies and sequence 
stratigraphy. Sequence boundaries, maximum flooding sur- 
faces and various scales of sequences and parasequences 
were picked on the logged sections (Fig. 1.4). Sequence 
boundaries were picked at significant erosional surfaces 
above successions of parasequences that progressively 
shallowed and or thinned up-section. Maximum flooding 
surfaces (MFS) or units (МЕС) were placed at the base of 
the deepest water facies within a sequence and at the tops of 
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Fig. 1.4 Type composite core description showing general lithofacies description, sequence stratigraphy and gamma ray logs within the marginal 


setting 


upward deepening trends of parasequence sets. Where pos- 
sible, parasequence boundaries and maximum flooding sur- 
faces were traced across the build-ups, to generate a 
depositional model. Facies cross-sections within this 
sequence-stratigraphic framework were made by interpolat- 
ing between cored wells using Walther's law within the 
conceptual ramp depositional model. 

In order to correlate the sequences, the base of the 
Shu'aiba Formation (the top of Hawar unit) was used as a 
datum for the cross-sections because it has distinctive high 
gamma-ray response in all wells associated with a thin 
stylolitic shale layer. The northern and southern blocks 
were correlated using the top Shu'aiba unconformity to 
bridge the medial fault zone. Seismic data were examined 
to constrain the sequence picks along the margin of the 
build-up where clinoform development was likely (e.g. 
Yose et al. 2010); however, it proved of limited value, due 
to the absence of a clear reflector at the top of the Shu'aiba 
Formation, and the occurrence of multiple artificial reflec- 
tions within this unit. 


1.4 Facies Description 


The lithofacies of the Shu'aiba Formation were previously 
described and interpreted by AL-Ghamdi and Read (2010); 
using 14 cored wells. A detail biofacies and depositional 
environment study was conducted by Hughes (2000). This 
paper presents more updated lithofacies descriptions using 
cores and petrographic analysis from 55 cored-wells located 
across the entire field (Fig. 1.3). This extensive data set 
resulted in newly recognized facies (e.g. shoal facies com- 
plex and the upper Aptian facies; Figs. 1.5, 1.6, 1.7 and 1.8) 
and also helped refine the interpretation of depositional 
environments and produces more accurate facies maps and 
depositional cross-sections of the Biyadh and Shu'aiba 
Formations. The detail facies descriptions are summarized in 
Tables 1.1 and 1.2 and the facies are illustrated in Figs. 1.5, 
1.6, 1.7 and 1.8. Figures 1.9, 1.10, 1.11, 1.12 and 1.13 
illustrates the position of each lithofacies within a low angle 
ramp model. These depositional models especially, Fig. 1.12 


Fig. 1.5 Core sample 
photographs of typical facies in 
Biyadh Formation. a Argillaceous 
black, dense mudstone, overlain 
by sharp contact and white 
carbonate of Biyadh Formation. 
b Clean chalky mudstone facies 
within the Lower part of Biyadh 
Formation, representing the 
maximum flooding unit (K60). 

c Sharp erosional contact at top of 
cycle within HFS 3 of Biyadh 
Formation, separating subtidal 
wackestone facies, from the 
peloidal grainstone facies. 

d Oncoidal coral skeletal 
grainstone facies in HFS 3 of 
Biyadh Formation. e 
Glassomyophorusrudistfloatstone 
facies from HFS 4 of Biyadh 
Formation, overlain by sharp 
contact (cycle top) and skeletal 
peloidalgrainstone facies. f 
Glassomyophorusrudistfloatstone 
facies, capped by a scalloped 
surface and major sequence 
boundary (SB1) at the top of the 
Biyadh Formation, overlain by 
dark-gray argillaceous 
Palorbitolinapackstone of Hawar 
unit. Arrows indicate karst fill 
from Hawar unit infiltrated into 
the rudist facies of Biyadh 
Formation 


show lateral facies transition. from inner ramp/lagoon, 
back-bank, bank-crest, fore-bank, slope to basin settings in 
the Far East. Seventeen significant lithofacies were deter- 
mined in this study on the basis of fossil assemblages, rock 
type, texture and sediment constituents. These lithofacies 
were grouped into four major facies associations (lagoonal 
facies, shelf marginal facies, Open marine/slope facies and 
basinal facies) that are linked to major depositional envi- 
ronments (Tables 1.1 and 1.2) However, smaller-scale 
lithofacies also were recognized and interpreted, such as 
platy coral versus branching coral or rudist in situ floatstone 
versus rudist in situ rudstone facies. These facies with subtle 
differences in their characteristics or their environments were 
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lumped with other similar facies to simplify the stratigraphic 
cross sections and to make facies distribution less compli- 
cated in the 3-D reservoir modeling. In addition, these 17 
lithofacies also were sub-divided on the basis of their sig- 
nificant petrophysical properties and hence their impact on 
reservoir performance. The following is a brief summary of 
these four major facies associations: 


1. Inner ramp/lagoonal facies association (Table 1.1). This 
facies association occurs mainly in the upper part of 
Biyadh Formation and in the upper part of the Shu'aiba 
Formation. These facies were deposited in moderate- 
to-low energy inner ramp/lagoonal setting with a 
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Fig. 1.6 Core sample photographs of typical deep subtidal and 
Lithocodium facies in Shu'aiba Formation. a Karst fill (arrows) from 
Hawar unit infiltrated into the rudist facies of Biyadh Formation at SB1. 
b Dark gray Palorbitolinapackstone of Hawar “dense” unit. Burrowing 
and bioturbation occurred on the right hand side (arrow). с Bioturbated 
on coidal Lithocodium miliolid packstone facies at basal Shu'aiba 


Formation (shallow subtidal, upper ramp environment). d Black, 
wispy-laminated mudstone/wackestone facies (deep lagoon/deep 
restricted environments). e Lithocodium aggregatum 
wackestone/boundstone facies, columnar-laminated morphology 
(open-marine algal platform). f Platy coral floatstone includes extensive 
leaching (open-marine algal platform) 
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Fig. 1.7 Core sample photographs of typical rudist facies in Shu'aiba 
Formation. а Caprotinid Glassomyophorus floatstone (back-bank). 
b Agriopleura floatstone (shallow lagoon/inner ramp). c Skeletal debris 
grainstone (shoal/channel). d Well rounded, cemented Offneria 


maximum of 10-15 m water depth in a moderate to low 
energy (Hughes 2000; AL-Ghamdi and Read 2010). 
These lithofacies include: — peloidal — milliolid 
packstone/wackestone, Agriopleura floatstone and deep 
lagoonal mudstone/wackestone facies. However, the 
deeper lagoonal facies were deposited in restricted deeper 
water environments, or in restricted ponds within the 
platform interior. 


rudstone (high-energy beach/shoal). e Caprinidrudist debris Offneria 
rudstone (high-energy bank-crest/shoal). f In-situ (life position) 
сарпта Offneria floatstone (bank-crest). Arrow points out to 
live-position Offneriarudist 


2. Shelf marginal rudist buildup facies association 
(Table 1.1). This facies association formed mainly within 
the middle part of the Shu'aiba Formation forming thick 
and massive rudist buildups. It also formed in the 
uppermost part of the Biyadh Formation. Lithofacies 
includes; in situ and rudist facies (mainly Offneria type) 
within bank-crest, reworked rudist debris 
rudstone/grainstone, Caprotinid rudist — floatstone 
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Fig. 1.8 Core sample photographs of typical deep ramp facies and 
sequence boundaries in Shu'aiba Formation. а Palorbitolina wacke- 
stone (deep open-marine). b Massive stromatoporoid boundstone, 
(Upper Aptian marginal setting). c Dark wispy-stylolite argillaceous 
mudstone (Upper Aptian Boundary). d Sequence boundary 3 (SB3), 
separating Lithocodium facies below from the overlying rudist facies. 


(back-bank) апа skeletal  grainstone/packstone of 
fore-bank/shallow slope. 
3. Open marine algal platform facies association 


(Table 1.2). This facies association includes the algal 
platform of Lithocodium/coral facies, oncoidal Lithoco- 
dium packstone facies, argillaceous packstone of Hawar 


e Sequence boundary 7 (SB7) at top of the rudist buildups, marking the 
termination of the Lower Aptian Caprinid rudist associated with 
subaerial exposure surface. f NahrUmr green shale (arrows) infiltrated 
into the upper part of Shu'aiba during karstfication associated with the 
major late Aptian unconformity 


unit and the Palorbitolina wackestone. These units are 
generally characterized by mud-dominated matrix and 
high diversity of associated biota, including foraminifera. 
These facies were deposited in a relatively deep open 
marine setting within the lower part of the Shu'aiba 
Formation. The exception of these lithofacies is the 
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Palorbitolina argillaceous packstone of the Hawar unit 


> 
22 z that was deposited in a more restricted shallow marine 
g E 3 E: subtidal environment (van Buchem et al. 2002, 2010). 

Е á Е 2 4. Deep open marine basinal facies association (Table 1.2). 
B eee: 6.2 2 This facies association is the deepest water facies within 
оо = . $ В . . . 

д 15502 Aes the Shu’aiba and Biyadh formations. Lithofacies include 

y 
= chalky pelagic mudstone within the deep open-marine 
o E . . 
= | 5 settings occurred far east toward the basin, planktonic 
248 - [с en i А 
5% T d Hedbergella mudstone within the lower part of the 
Shu'aiba Formation representing a major flooding unit 
В, Sg | BD E (K70) and the argillaceous intrashelf basin that formed 
Б d oz a | 
e |Ео0858% Bo far to the east within the Bab basin. 
бі Отан <2 
2 
S 
E р 
B E 5 
5 ё Е 
a d 2 1.5 Sequence Stratigraphy 
э 
= ЕК ИШЕ А 
S 2258 1.5.1 Introduction 
л € о № Е On 15 
SESS eget 
2 5 СЕ 235s : f . 
5 5 EX 5 Е Б 5 Б 3 E The sequence stratigraphic framework presented here builds 
~ = З “. ~= і . . 
, 155 5 ES asus on the rock-based stratigraphic framework of AL-Ghamdi 
E ЧЕ Е A 5 à 5 2 5 апа Read (2010), using more core data, stable isotope 
AS 
m [eeu ES chemostratigraphy and available biostratigraphic data. This 
5 study also presents the first stratigraphic framework for the 
ЕЕ Biyadh Formation in Saudi Arabia with new core data 
E Ё (Figs. 1.4 and 1.15). The stratigraphic frameworks of the 
O 2 . . . Я . 
55|89 Biyadh and Shu'aiba formations in this study are compared 
Ё 5 із with the regional Lower Cretaceous 2nd- and 3rd-order 
(52) . . 
СЕБЕ sequence stratigraphic model of van Buchem et al. (2010). 
However, some differences occurred between the frame- 
E works presented here and van Buchem et al. (2010), such as 
Е the location of ће major MFS of Shu'aiba sequence and the 
d hierarchy of the Shu'aiba Formation. This study presents a 
z more detailed high-resolution stratigraphic framework on the 
| . 9 [- order o 's) and higher-scale parasequences tha 
; s F E der of 400 ky (HFS’s) and high le p q that 
M 25 23 D a control the reservoir facies anatomy and hence, reservoir 
> B = © = 5 A : : 
ЕЕ о È S 15% Е 5 8 quality. The type core description with associated gamma 
= =. О D a = Q А : А 
е Ld E E b 5 © Е ч Бі тау logs, interpreted sequences аге shown in Fig. 1.4, sum- 
$ |889 EES E o 93 marizing the sequence stratigraphic framework of the 
a OU AA > 8833855 


Biyadh and Shu'aiba Formations. Integrated carbon isotope 
data, gamma ray and sequence stratigraphy were integrated 
to better define the age model of the Shu'aiba Formation, 
particulary defining the Lower/Upper Aptian boundaries on 
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H TI 
eg ‹ 
1223333 EE : 
ое ес {е 
2 E | | | 
8 E the platform edges (Fig. 1.14). Four detailed stratigraphic 
E É cross sections (Figs. 1.15, 1.16, 1.17 and 1.18) were con- 
к= 5 © structed; one in Biyadh Formation (Fig. 1.15), two west-east 
8 g | E dip trending sections in Shu'aiba Formation (Figs. 1.16 and 
o Q . . . . . 
^ |9 E & 1.17) and one north-south strike trending section in Shu'aiba 
- Formation (Fig. 1.18). 
8 The stratigraphic successions of Biyadh and Shu'aiba 
8 Е Formations are part of one large scale second order super 
тё 


sequence with a duration of about 17 My. This super 
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sequence is bounded at the base by the Late Valanginian 


© 9 £ | 
= n P Б 2 3 E unconformity and is capped by the Late Aptian unconfor- 
gr 5 ч А А : 
= 98 a 8 y o 9 mity (Sharland et al. 2001). The Biyadh Formation occurs 
Е Bg ge НР . M | БЕР 
E B 5 E Е 8 FE within the TST, while the Shu'aiba Formation occurs within 
© > = 
the HST of the super sequence. 
БИЕ E E 
© © © 
alee + е 1.5.2 Віуааһ and Shu’aiba Sequence 
Б 2 Stratigraphy 
= а, Ж б er 
" Bo Е р The following are brief descriptions of each sequence within 
& |22 < Е the Biyadh and the Shu'aiba Formations, focusing on the 
high-frequency sequences (HFS type sequence). The term 
> > "sequence, ог S" refers here to the high-frequency sequences 
© © А . . 
9 E T > that range in duration from 400 Ку to 1 My at maximum, 
a |4 > > whereas the longer-term  3rd-order sequences апа 
ы smaller-scale parasequences will һе specified when 
"m = S Е mentioned. 
ЕЕ P oi: 
- OBS очен = 
сеи часа 
2 H.E "S am Қы m 
Bag 8 aes 1.6 Late Barremian Sequence 
9 exe's 
з а 5 5 58558 The Late Barremian Biyadh Formation is penetrated іп three 
ш. 5B aR < d А, & a , 
m z wells beneath the Shu'aiba Formation (Wells 11, 12 and 9). 
с It is equivalent to the Arabian Plate Barremian 2 sequence of 
8 the Barremian supersequence of van Buchem et al. (2010). 
M The Late Barremian succession is composed of one 
x 5 3rd-order composite sequence and four high-frequency 
E E sequences (Fig. 1.15). S1 starts with a TST of black 
argillaceous dense mudstone (Fig. 1.5a) at the base of 
2 = Biyadh Formation characterized by its high gamma гау 
8 E E values representing the initial TST of the composite 
= S S sequence. This dense unit is similar in sedimentology and 
d E E log characteristics to the Hawar unit at the base of the 
N Q Q à А 7 . 
Shu'aiba Formation, but it does not contain abundant 
d 3 5 Е Palorbitolina. Due to the limited core materials in this 
a sS ә 4 = А = a қ s А CP А 
= 5 5 . 8 З Е ЕТ, р 8 interval, it is not clear if this argillaceous unit is dominated 
: E 5 E - A 5 E 9 E É 2 E S. by Palorbitolina deposited in a shallow restricted environ- 
Wee © LAF ge `Г m ‘ А NEP . 
8 |55358 = 5 = 5 SP |Жк%983 ment similar to the Hawar unit or if this is deeper basinal 
= ош ы Po = e o > л > 8 К " Я А . . 
Б ў 5 2 z 5 » 2 2 F В t Ж» 8 E 3 facies without Palorbitolina. Abundant Palorbitolina occur 
$ oe 222|£z98g S 'Bi = ; А "E 4 
А |ЕЕҰЗЕНЗЕЗЕС AEPS in equivalent units in the region (van Buchem et al. 2010). 


S2 contains a thick bioturbated marly lime mudstone 
facies representing the late TST with the maximum flooding 
interval of the 3rd-order composite sequence. This is a deep 
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E shelf or open marine facies of uniform thickness that is 

2 2 2 E interbedded with thin Palorbitolina wackestone units. 

= 2 2 2 E ә E - The MFS of S2 occurs in the middle part of the sequence 

E E 5 8 E 8 EE containing abundant deep chalky mudstone (Fig. 1.55). 

5 8 |88 SE SES This MFS also is the major MFS for the late Barremian 

= р composite sequence, corresponding to MFS K60 of Sharland 

È E E et al. (2001). This high frequency sequence is capped by 

515 Е e shallow skeletal packstone facies with common gastropods 
B £2 Ав and Textularid foraminifera. 
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Late Barremian Biyadh Formation, low angle homoclinal ramp 


Upper Shoreface 







Skeletal peloidal-oncoidal 
Caprotinid rudist grainstone 


Patchy rudist mound 
floatstone 


Middle Shoreface Lower Shoreface 


Chalky mudstone 


Palorbitolina wackestone 





Miliolidal peloidal 


packstone 


Fig. 1.9 Depositional model of Late Barremian Biyadh Formation shows the position of each facies on a low angle homoclinal ramp platform 


Fig. 1.10 Depositional model 
for the Hawar unit showing 
restricted shallow subtidal/tidal 
flat environment (condensed unit) 


Sequences 3 and 4 record changes in facies and deposi- 
tional environment from deeper open marine pelagic mud- 
stone to shallow subtidal rudist caprotinid facies. These 
sequences start with initial flooding unit ~ 10 ft (3 m) of 
lower shoreface mudstone that gradually shallows upward to 
peloidal/oncoidal grainstone/packstone facies associated 
with branching corals. These sequences are capped by thick 
upper shoreface rudist barrier facies composed mainly of 
caprotinid Glassomyophorus rudist floatstone. In addition, 
these S3 and S4 are characterized by meter- to decimeter 
scale parasequences, possibly fifth-order cycles or higher 
(Fig. 1.15). These small-scale parasequences have sharp, 


Early Aptian Hawar unit, restricted shallow subtidal 





Palorbitolina argillacous 
packstone-wackestone 


Chalky pelagic mudstone 


Glauconite 


erosional, irregular surfaces at their base with clean coarse 
grainstone facies composed of Palorbitolina, peloids, 
oncoidal and skeletal fragments deposited during flooding 
events (Fig. 1.5c, d). These grainstone facies deepen upward 
to fine skeletal packstone/wackestone facies and are capped 
by another sharp and irregular contact overlain by the next 
parasequence. The correlation between different wells sug- 
gests that these parasequences can extend for long distances 
(up to ~5 km), and can be mapped on their log character- 
istics (Fig. 1.15). These small-scale parasequences аге 
unique in the Barremian Biyadh Formation and do not occur 
in the Shu'aiba Formation. 
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Fig. 1.11 Depositional model for the Lithocodium algal platform of Lower Shu'aiba Formation, HFS's 2 and 3 
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Fig. 1.12 Depositional model for HFS’s 4—6 within the rudist buildups, showing the position of each facies in a barrier-bank low angle ramp 


The upper part of Late Barremian sequence is dom- 
inated by the Glassomyophorus and Agriopleura float- 
stone associated with clean peloidal miliolid grainstone 
matrix (Fig. 1.5е). These rudists do not form colonial 
rudstone buildups as in the Shu’aiba Formation; they 


form a uniform barrier bank facies possibly developed 
in the shallow upper shoreface or beach environment 
(Fig. 1.9) that can be traced field wide. No Caprinid 
Offneria rudist occurred in the Barremian  Biyadh 
Formation. 
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Late Aptian shelf edge prograding platform (S9-S10) 
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Fig. 1.13 Depositional model for the Upper Aptian HFS's 9 and 10 showing the shelf marginal edge within the prograding sequences. The 
pre-existing Early Aptian platform was subaerially exposed during this time 
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Fig. 1.14 West-East type chronostratigraphic cross section of the that is related to Oceanic Anoxic Event la. Upper Aptian prograding 
Shu'aiba Formation correlating gamma гау logs and $ С isotope sequences are shown in orange and green. Red star indicates late Aptian 
curves. The carbon isotopes are correlated with the Tethyan pelagic — rudist Horiopleura of the Polyconitidae family, while black stars 
curve of Fóllmi et al. (2006). Major sequence boundaries are shown іп indicate early Aptian rudist Caprinid Offneria below $Вб and 
red. The purple shaded zone 15 the Lithocodium algal platform facies Саргойта Agriopleura above SB6 

that corresponds to major global positive excursion in the early Aptian 
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Fig. 1.15 Detail N-S stratigraphic cross section (0-0? of Biyadh Formation and Hawar Member on the Northern block. This cross section 
illustrates the layer-cake stratigraphy of these units along with high scale parasequences. See Fig. 1.3 for location 























Fig. 1.16 Detail W-E dip oriented stratigraphic cross section of platform edge. Note the lateral facies changes across the platform to 
Shu'aiba Formation on the Northern block. The prograding Upper basin transition. Ramp crest commonly grew more than surrounding 
Aptian sequences produced clinoform geometries on the eastern area leading to differential accommodation. See Fig. 1.3 for location 
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Fig. 1.17 Detail W-E stratigraphic cross section of Shu'aiba Formation on the Southern block. This cross section shows thicker Lithocodium 
facies and less stratigraphic complexity than the northern block. See Fig. 1.3 for location 


Marth block 








Fig. 1.18 Detail N-S stratigraphic cross section of Shu'aiba Formation from Southern and Northern blocks across the intraplatform depression. 
Note how the intraplatform depression is dominated by skeletal debris packstone surrounding by rudist buildups. See Fig. 1.3 for location 
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1.7 Lower Aptian Sequence 1 (S1) 


This sequence overlies the regional sequence boundary and 
exposure surface of sequence boundary 1 (5В1) that sepa- 
rates the underlying Late Barremian Biyadh Formation and 
the overlying Early Aptian Hawar unit of the Shu'aiba 
Formation (Fig. 1.5f). This boundary represents a subaerial 
exposure surface that is mapped regionally (van Buchem 
et al. 2010; Droste 2010). This boundary also is significant 
because it corresponds to one of the major global depletion 
of carbon isotope values during the Early Cretaceous 
(Fig. 1.14). The Hawar unit, previously known as “Biyadh 
dense unit" in Saudi Arabia was lithostratigraphically sepa- 
rated from the Shu'aiba Formation and grouped with the 
Barremian Biyadh Formation (Ziegler 1976; Aktas and 
Hughes 2000; Hughes 2000). However, this unit should not 
be tied to the Biyadh Formation, because it is genetically 
related to the composite sequence of the Shu'aiba Formation 
as the TST of sequence 1 and has unique lithological and 
petrophysical characteristics, acting as a seal between the 
Shu'aiba and Biyadh formations (Witt and Gokdag 1994; 
van Buchem et al. 2002). Therefore, this unit is considered 
here as a separate unit rather than a unit within the Biyadh 
Formation as interpreted previously. 

S1 began with the deposition of a dark-colored argilla- 
ceous Palorbitolina packstone facies of the base at the 
Hawar unit. This unit is characterized by abundant black 
Palorbitolina, glauconite, pyrite, reddish oxidized material 
and marine-cemented hardgrounds (Fig. 1.6a, b). This facies 
records the regional initial transgression (TS) following 
platform exposure at the end of the Barremian. This trans- 
gression was deposited in relatively shallow water ranging 
from ~ 10—20 m water depth (Fig. 1.10), based on its 
associated fauna and grainy texture, despite the abundant 
argillaceous content. Shallow tidal flat facies with subaerial 
exposure surfaces were documented in a coeval sequence 
from Oman outcrops (van Buchem et al. 2002, 2010). 
This TS unit has a sheet-like geometry with nearly uniform 
thickness that is correlated regionally (Fig. 1.16). Moreover, 
this regional transgression coincides with a global depletion 
in carbon isotope signature (Fig. 1.14) and it is correlated 
globally (AL-Ghamdi and Pope 2014). The MFS of this 
sequence is a clean, pelagic chalky mudstone facies (brown 
facies), characterized by low Palorbitolina abundance, and 
lower gamma ray values. This suggests that as water deep- 
ened across the platform, fewer or no Palorbitolina were 
deposited, resulting in a clean skeletal facies of predominatly 
planktonic and pelagic foraminifera. At the top of Hawar 
unit, gamma ray values record the highest value in all the 
Shu'aiba Formation associated with deposition of a thin (few 
centimeters thick) black argillaceous mudstone. This marker 
is regionally correlated and used here as a datum for all 
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stratigraphic correlations (Fig. 1.16). This sequence is cap- 
ped by a sharp contact and abrupt change in facies from the 
dark argillaceous Palorbitolina packstone of the Hawar unit 
to the shallow subtidal, low density white-oncoidal Litho- 
codium/peloidal packstone of basal Shu'aiba Formation. 
This oncoidal Lithocodium facies has a uniform thickness 
across the platform and records the onset of the porous 
Shu'aiba successions and it represents the HST of SI 
(Fig. 1.6c). 

Five high-frequencies, decimeter-scale parasequences 
were identified and mapped throughout the field within the 
transgressive Hawar unit. These parasequences begin with 
highly argillaceous bioturbated Palorbitolina packstone 
marking a flooding surface and they deepen upward to 
lighter-colored, less argillaceous wackestone capped by a 
marine cemented hardground or firmground surface. 


1.8 Lower Aptian Sequence 2 (S2) 


This sequence begins with a thin flood unit of lime mudstone 
above SB2 (Figs. 1.16, 1.17 and 1.18) occurs within the 
oncoidal Lithocodium facies of S1. AL-Ghamdi and Read 
(2010) picked SB2 higher, at the top of oncoidal Lithoco- 
dium facies at the base of the pelagic chalky Hedbergella 
mudstone unit that is here interpreted to be the maximum 
flooding unit (MFU) of S2 rather than both the flooding 
surface and MFU. This flooding surface is thin but it extends 
throughout the field and also can be picked on the basis of its 
thin, high gamma ray value. The TST of this sequence is the 
oncoidal Lithocodium/Bacinella packstone facies that dee- 
pen upward to the extensive sheet-like deep planktonic 
Hedbergella chalky lime mudstone. This facies is one of the 
deepest water facies in the Early Aptian Shu'aiba succession 
and was interpreted to be the MFU of the Shu'aiba com- 
posite sequence (AL-Ghamdi and Read 2010). However, it 
is interpreted here only as the MFU of 52; equivalent to the 
regional MFS K70 of Davies et al. (2002). This facies has 
the lowest gamma ray values in the entire Shu'aiba For- 
mation, due to its clean matrix with no argillaceous or clay 
materials. This facies grades upward to Palorbitolina 
wackestone with local Lithocodium aggregatum, which 
represent the HST of sequence 2 and is capped by a rela- 
tively higher energy facies of Lithocodium/Palorbitolina 
packstone. The top of this facies 15 a significant time marker 
associated with high gamma ray signal that is correlatable 
across the field. This gamma ray marker represents the ter- 
mination of the sheet-like uniform layers associated with a 
low angle carbonate ramp, and the onset of a transitional 
carbonate platform with extensive algal Lithocodium 
aggregatum/coral mounds on the margin passing into an 
intrashelf basin on the eastern side (Fig. 1.16). 
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1.9 Lower Aptian Sequence 3 (53) 


The base of sequence 3 (SB3) is picked above the Palor- 
bitolina packstone associated with of high gamma ray time 
marker (Figs. 1.16, 1.17 and 1.18). S3 records a change in 
platform setting from uniform homogeneous strata to more 
heterogeneous and mounded like strata with more prou- 
nounced lateral changes of depositional settings. This 
sequence is distinguished by its extensive Lithocodium 
aggregatum wackestone/boundstone interbedded with platy 
coral floatstone (Fig. 1.6e). The coral facies have a more 
grainy texture relative to the Lithocodium facies, and are 
interpreted as parasequence caps (Fig. l.6f). However, 
Lithocodium aggregatum facies 1s the dominant facies in this 
sequence, forming a mound-like topographic high on the 
middle of the field that builds clinoforms toward the eastern 
basinal setting (Fig. 1.16). The southern block has a thicker 
Lithocodium aggregatum unit compared to the northern 
block with columnar growth morphology that extends into 
the overlying S4 (e.g. Wells 21, 22 and 25) (Fig. 1.17). The 
extensive Lithocodium facies shows subtle shallowing 
upward to Palorbitolina wackestone or platy coral floatstone 
representing the HST of this sequence. This sequence has 
thicker strata with backstepping geometries on the platform 
(Fig. 1.16) and thinner strata on the eastern side associated 
with clinforms geometry toward the basinal settings where 
deeper wackestone/mudstone facies were deposited (e.g. 
well 13 on the north, well 17 on the eastern flank). 


1.10 Lower Aptian Sequences 4-6 (54-56) 


5В4 1s picked at the base of the first occurrence of the rudist 
buildup facies or its coeval detrital skeletal wackestone 
facies (Figs. 1.16 and 1.18). SB4 records a major change in 
depositional environment with an abrupt change in facies 
from the algal dominated facies (Lithocodium/coral plat- 
form) to the shallow water rudist floatstone/rudstone facies 
on the margin and fine skeletal wackestone on the slope and 
open marine settings. Carbon isotopes record a significant 
chronostratigraphic marker in all depositional settings at 
SB4 with an almost constant value of ~4.5%o representing 
an abrupt change in the carbon cycle related to abrupt 
change in global climate associated with a recovery of car- 
bonate production and the development of rudist buildup 
facies (Fig. 1.14); (Fóllmi et al. 2006; Jenkyns 2003; 
AL-Ghamdi and Pope 2014). Sequences 4-6 are equivalent 
to the 3rd-order Early Aptian sequence 3 of van Buchum 
et al. (2002, 2010), which represent the main rudist buildups 
of the Shu'aiba Formation. 54-56 form one large 3rd-order 
shallowing upward sequence capped by subaerial exposure 
surface of SB6, but this larger 3rd-order sequence is here 
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divided into three HFS's on the basis of the detail core 
descriptions and stacking patterns. During the deposition of 
these sequences, a syn-depositional fault system was reac- 
tivated creating the intraplatform depression that divided the 
Shu'aiba platform into northern and southern blocks 
(Fig. 1.18). These two blocks records different depositional 
histories, sequence geometries and diagenetic histories 
(AL-Ghamdi and Read 2010; Aktas and Hughes 2000). 

On the northern-block marginal setting, the TST of S4 is 
dominated by the caprotinid type rudist Glassomyophorus 
costatus floatstone (Fig. 1.7a), that deepens slightly upward 
to the MFS of thin skeletal packstone and then shallows 
upward into the HST of rudist rudstone at the top of S4. On 
the eastern flank, lateral facies change occur with equivalent 
interbedded platy coral floatstone and Lithocodium bound- 
stone (e.g. well 16), changing laterally to open marine 
wackestone and then to deep basinal mudstone facies far- 
thest to the east. On the southern block, S4 has only a thin 
transgressive caprotinid rudist facies that deepen upward to 
extensive Lithocodium aggregatum facies and then shallow 
upward into thin caprotinid rudist floatstone (Fig. 1.17). 
Caprinid rudists do not occur in the southern block in this 
sequence. 

Sequence 5 records major deepening indicated by the 
presence of Palorbitolina wackestone within the rudist 
buildups (e.g. wells 14, 10, and 2) (Figs. 1.16, 1.17 and 
1.18). On the flanks, major deepening is recorded by 
extensive black mudstone facies (e.g. wells 21 and 26), 
representing the regional maximum flooding unit of the large 
scale Shu'aiba composite sequence (Fig. 1.64). This com- 
posite MFS is different than the composite Shu'aiba MFS 
picked previously (AL-Ghamdi and Read 2010) in the lower 
chalky mudstone facies and is also different than the MFS 
picked by van Buchum et al. (2010) at the uppermost part of 
“АР 2 sequence" near the contact between the Lithocodium 
facies and the rudist buildups. Regional stratigraphic corre- 
lation suggests that this MFS is most likely equivalent to the 
К80 MFS of Sharland et al. (2001) and Davies et al. (2002), 
but higher resolution biostratigraphy is required to accu- 
rately determine the age of this surface. 

On the northern block, the intraplatform depression of S5 
is dominated by skeletal peloidal grainstone that was shed 
from the surrounding rudist buildups (Fig. 1.18). This 
intraplatform depression formed a channel-like body with 
high-energy currents winnowing the sediments and forming 
clean grainstone facies (Wells 7 and 8); (Fig. 1.7с). The 
northern block platform interior (e.g. wells 10, 12 and 11); 
(Fig. 1.18) is more likely a shoal or back-shoal setting 
dominated by high-energy environments rather than a 
restricted back bank as previously interpreted (Aktas and 
Hughes 2000; Hughes 2000; AL-Ghamdi and Read 2010). 
This skeletal grainstone facies is similar to the grainstone in 
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the intraplatform depression, however, the location of the 
grainstone in the intraplatform depression was controlled by 
syn-depositional faulting rather than a depositional shoal 
setting. S5 on the southern block also records massive in situ 
rudist buildups, but they are not as abundant as on the 
northern block. Restricted ponds or a low-energy lagoonal 
platform interior of Palorbitolina wackestone/mudstone 
facies was deposited locally between these rudists (e.g. 
Wells 25, 22 and 2). This makes the southern block a low 
reservoir quality compare to the northern block. 

Sequence 6 represents an overall shallowing upward trend 
within the rudist buildups in all wells, with the development of 
thick, massive shallow water rudist facies. Also, the lagoonal 
and platform interior settings have thin rudist units within this 
sequence. S6 begins with a thin flood of wackestone or 
Glassomyophorus rudist floatstone stacked on the previous 
rudists buildup of sequences 4 and 5. The rudist buildups of S6 
are different from those of S4 and S5, being dominated by 
in situ recumbent caprinid rudist Offneria murgensis recording 
high-energy bank-crest settings with colonized rudist barriers 
(Fig. 1.7e, f). Sequence 6 is capped by a thin (~ 1 m) unit of 
well-rounded, well-sorted rudist rudstone facies that likely 
developed in a high-energy beach environment and represent 
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the shallowest water facies in the Shu'aiba successions 
(Fig. 1.7d). This facies is very well cemented, possibly due to 
the influence of meteoric waters during the exposure of this 
platform and may act as a reservoir baffle or even barrier zone. 
A red clay soil content that infiltrates down between the rudist 
fragments (Fig. 1.8e) indicating a subaerial exposure surface 
developed on top of this facies (wells 4, 9 and 46). Oxygen 
isotope values at this sequence boundary shows 1.5-2%о 
depletion, suggesting meteoric diagenesis (AL-Ghamdi and 
Pope 2014). Sequence 6 has pronounced lateral facies changes 
with clinoform geometries from rudist rudstone at the margin 
to skeletal packstone and wackestone on the slope and in open 
marine settings with a correlative conformity surface 
(Fig. 1.19). On the southern block, sequence 6 records overall 
upward shallowing rudist buildups facies, but the high-energy 
beach facies on top of the rudists are absent. The absence of 
this high-energy facies on the southern block suggests that the 
northern block was influenced by higher energy wave that 
formed the beach deposits but these were not formed or pre- 
served on the southern block. On southern block, sequence 6 
also records the termination of the Offneria rudist buildups, 
whereas the northern blocks contains rudist buildups in the 
overlying sequences. 


Upper Aptian 
sequences 





Shu'aiba Formation 


Fig. 1.19 Schematic stratigraphic profiles of the Shu'aiba Formation showing the evolution of the Shu'aiba platform within the depositional 


profiles and the Shu’aiba stratigraphic hierarchy 
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1.11 Lower Aptian Sequence 7(S7) 

On the southern block, sequence 7 represents the end of 
Aptian sequences and it is capped by the Late Aptian 
unconformity at top of the Shu'aiba Formation (Fig. 1.17). 
S7 begins with a thin transgressive unit of deep lagoonal 
mudstone that shallows upward to shallow lagoonal peloidal 
milliolid packstone facies. The only rudists occurring in this 
sequence is the elongate caprotinid Agriopleura or Pachy- 
traga that form local patchy mounds (Fig. 1.7b). The upper 
part of this sequence gradually deepens to mudstone facies 
contains infiltrated shale from the Nhr-Umr Formation 
beneath the top unconformity. The deepening trend from 
shallow miliolidal packstone to wackestone/mudstone below 
the top of the Shu'aiba Formation occurs in most wells. On 
the northern block, S7 begins with a mudstone flooding 
surface including rip up clasts and reworked rudist fragments 
and deepens upward to deep lagoonal mudstone. This 
mudstone is overlain by the miliolidal packstone facies with 
local Agriopleura floatstone facies. However, thick massive 
rudist buildups of Offneria rudist rudstone still developed 
local patchy rudist buildups, commonly stacked on rudist 
buildups that formed in sequence 6 (Wells 8, 12 and 16); 
(Fig. 1.18). This rudist units do not form continuous barrier 
banks, but they are patchy mounds surrounded the lagoonal 
facies with a prograding shingled geometry. These patchy 
rudist buildups are capped by high energy rounded-rudist 
rudstone formed in a beach environment that was subaerially 
exposed similar to the facies that cap sequence 6. The top of 
sequence 7 records the termination of the in situ rudist 
buildups within the Shu'aiba Formation and the demise of 
the caprinid Offneria rudist species (Hughes 2000). 


1.12 Lower Aptian Sequence 8 (S8) 


This sequence only occurs on the northern block, due to the 
influence of the syn-depositional subsidence that moved the 
northern block down and provided accommodation space on 
the northern block when the south block was exposed and 
eroded by the Late Aptian unconformity (AL-Ghamdi and 
Read 2010; Fig. 1.18). This sequence is the last phase of 
sedimentation on the Shu'aiba Formation platform margin. 
However, more sequences are still developed on the eastern 
platform edges. S8 is dominated by shallow lagoonal 
peloidal miliolid packstone/wackestone facies interbedded 
with thin, deeper lagoonal mudstone facies. Agriopleura 
floatstone facies occur as local patchy rudist mounds or as 
the caps to shallowing upward successions, but no colonized 
rudist occurred in this sequence. This sequence records a 
deepening trend of mudstone facies below the Late Aptian 
unconformity similar to 57 on the southern block. This 
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unconformity formed karst that locally penetrates deeper 
than 30 ft (10 m) into the top of the Shu'aiba Formation 
(e.g. wells 16 and 52; Fig. 1.8f). 


1.13 Upper Aptian Sequences 9 and 10 (S9 
and S10) 


Sequences 9 and 10 are Upper Aptian sequences identified 
for the first time in this study. They formed only on the 
northern block as shelf edge prograding sequences, during 
which the interior of the Shu'aiba platform was subaerially 
exposed and eroded (Figs. 1.17 and 1.19a). These sequences 
are equivalent to sequences Apt4a and Apt4b of van 
Buchum et al. (2010). The Lower/Upper Aptian boundary is 
a conformable surface and was picked initially on the basis 
of carbon isotope values (Fig. 1.14) and coincides with an 
abrupt change in facies from fine skeletal and detrital 
packstone of the Lower Aptian slope of S8 to dark dense 
argillaceous mudstone facies of S9 (Fig. 1.8c). In addition, 
nannofossil data from well 19 confirms the Late Aptian age 
of these sequences with the first occurrence of the nanno- 
fossill Lithraphidites houghtonii (AL-Ghamdi and Pope 
2014). Thus, biostratigraphy integrated with core description 
and chemostratigraphy constrain the age of these prograding 
sequences (AL-Ghamdi and Pope 2014). The argillaceous 
mudstone averages about 20—30 ft thick (6—9 m) and shal- 
lows upward into grainy coral floatstone facies overlain by 
massive reefal facies containing mixed stromatoporoid and 
rudist rudstone (Fig. 1.8b). The argillaceous mudstone facies 
occurring at the base of these sequences possibly represent a 
lowstand prograding wedge, similar to what has been 
interpreted by van Buchem et al. (2010) and Yose et al. 
(2010). The Late Aptian rudists mainly are Horiopleura 
species of the Polyconitidae family (Skelton 2008; Saudi 
Aramco internal report), quite different type than the lower 
Aptian caprinid and caprotinid rudists. The range of Hori- 
opleura rudists extends from the Aptian to the lower Albian 
(Skeleton and Masse 2000). These shelf edge sequences 
prograde toward the intrashelf basin with clinoform 
geometries and laterally change facies to open marine 
skeletal packstone/wackestone and finally to deep pelagic 
basinal mudstone. At least nine high-frequency sequences 
were described from seismic in the coeval Bu-Hasa field, 
and they prograde >10 km from the shelf edge toward the 
basin (Pierson et al. 2010). It is possible that more pro- 
grading sequences formed far to the east in the study area, 
but more data (e.g. seismic data) is necessary to confirm this 
interpretation. The Upper Aptian prograding sequences also 
occurred in the far northern edge of the platform where wells 
53, 13 and 54 have similar depositional settings to the 
eastern flank with similar facies and similar stacking 
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patterns. Upper Aptian sequences also formed on the 
northwestern flank as shown in the carbon isotope curve in 
well 45 (Fig. 1.14), but differ from the eastern flank in that 
they do not have shallow water rudist facies or slope and 
open marine settings, instead the Upper Aptian here records 
restricted lagoonal environments. 

Finally, the Bab intrashelf basin occurs on the far eastern 
side in well 20, and is thought to be the latest Upper Aptian 
or early Lower Albian (van Bucum et al. 2010). It is the last 
stage of basin infill and is dominated by organic-rich lime 
mudstone interbedded with sandstone. 


1.13.1 Parasequences 

Parasequences are an important component of the strati- 
graphic framework and reservoir characterization as they 
control the reservoir properties and hence the simulation 
model and its fluid flow behavior (Kerans and Tinker 1997). 
Therefore, higher-scale parasequences of the Biyadh and 
Shu'aiba Formations were identified and mapped to better 
characterize their reservoirs and to provide а 
higher-resolution genetic layering scheme for the 3-D 
reservoir model. Also, their stacking pattern, thickness and 
magnitude will provide better understanding on the driving 
mechanism of the stratigraphic records and the effect of 
climate within a global or regional scale. 


1.14 Parasequences in Biyadh Formation 


There are 34 parasequences identified in Biyadh Formation, 
most of them can be traced between wells and throughout 
the field (Fig. 1.15). Of these 34 parasequences, four formed 
in S1; five formed іп 52; 13 formed in S3 and 12 formed in 
54. Parasequences in S1 occurred within the argillaceous 
dense unit at basal Biyadh Formation. No cores penetrate the 
entire interval of this unit, but four meter-scale (~ 5 ft thick, 
1.5 m) cycles can be mapped throughout the area on gamma 
ray logs. As similar to Hawar unit, the higher gamma ray 
values of this unit indicate highly argillaceous mudstone 
representing flooding surface that change upward to more 
clean, deeper and less argillaceous mudstone. Parasequences 
within S2 are thicker — 15 ft (4.5 m) cycles, that begin with 
a Palorbitolina wackestone and deepen upwards to chalky 
mudstone facies. Major changes in parasequences pattern 
occurred at S3 where many more (13) small scale ~ 2—5 ft 
(0.6-1.5 m) cycles are delineated within the shallow upward 
S3. These cycles are characterized by a sharp erosional 
contact at the base overlain by oncoidal peloid grainstone 
facies or rudist floatstone representing a flooding surface that 
shallow upward to less grainy packstone/wackestone facies 
(Fig. 1.5c). Most of these cycles can be correlated between 
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the wells and may have some impact on reservoir quality 
distribution (Fig. 1.15). 


1.15 Parasequences in Shu’aiba Formation 


The Shu'aiba Formation contains at least 37 parasequences 
within the Early and Late Aptian sequences, 31 parase- 
quences formed in the Lower Aptian back-bank or platform 
interior settings and at least 6 additional parasequences 
formed in the Upper Aptian prograding wedges on the 
flanks. Of the 31 parasequences; seven formed in S1 (in- 
cluding 6 in Hawar unit), whereas 52-510 include 3-4 
parasequences each. Parasequences within 51 and 52 are 
sheet-like units and are calibrated to gamma-ray logs, thus 
they can be mapped throughout the field. Parasequences in 
S3 within the Lithocodium/coral mounds have slightly dif- 
ferent geometries due to the development of Lithocodium 
mounds on the platform margin and clinoform prograding 
toward the basin. Therefore, more parasequences are recor- 
ded on the platform margin than the slope or open-marine 
settings. Associated fauna were used to pick some these 
parasequences, where the relatively deeper water Lithoco- 
dium facies is interbedded with the relatively shallower coral 
facies. 

Generally, the in situ rudist buildups within the 
bank-crest at 54-56 are poorly cyclic and do not record 
higher-order parasequences, due to their nature as reefal 
buildups geometry with massive framework and higher 
sedimentation rate. However, parasequences are better 
developed on the back-bank, shoal or fore-bank settings. 
Interbedded of different type of rudists, such as the deeper 
water Glassomyophorus rudist and the shallow water 
Offneria rudist within these sequence are used as an evi- 
dences of cycle changes. These parasequences 54-56 are 
locally continued and are rarely mappable over the rudist 
buildups. In addition, these parasequences cannot be mapped 
over the open marine settings, due to the unchanged and 
uniform lithofacies deposited in coeval open marine and 
basinal settings. 

The upper part of the Shu'aiba Formation (57-58) has 
seven parasequences at maximum that can be mapped 
locally. These parasequences have deep lagoonal mudstone 
at the base that shallows upward into peloidal miliolid 
packstone or Agriopleura floatstone facies. Exposure sur- 
faces formed locally at the top of these parasequences. 

Parasequences in the Upper Aptian sequences 9 and 10 
are characterized by a basal dense argillaceous mudstone 
that changes upward into coral/stromatoporoid floatstone or 
skeletal packstone facies. These parasequences show clino- 
form geometries and can be mapped locally, with a top lap 
geometry against the Upper Shu'aiba Unconformity. 
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1.16 Discussion 
1.16.1 


Barremian Versus Aptian Sequence 
Stratigraphy 


Although there are some similarity in the facies associations 
between the Late Barremian Biyadh Formation and the 
Aptian Shu'aiba Formation, there are many differences 
between the two units with regards to their depositional 
settings and facies architecture. First, the entire Biyadh 
Formation is composed of one large scale 3rd-order shal- 
lowing up sequence recording a single long-term sea level 
rise and fall. Conversely, the Shu'aiba Formation records a 
large scale composite sequence/or 2nd-order sequence, built 
by four 3rd-order sequences, built by 10 high frequency 
sequences. The Biyadh Formation was deposited on a 
shallow subtidal ramp with relatively thin rudist banks at the 
upper shoreface environments (Fig. 1.9). The Shu'aiba 
depositional platform evolved from, restricted subtidal, algal 
dominated ramp to marginal rudist barrier bank (Figs. 1.10, 
1.11, 1.12 and 1.13). The shallow subtidal ramp of the 
Biyadh Formation formed sheet-like layers at all scales 
(3rd-order sequences to parasequences) because there were 
no tectonic rim developed during this time, therefore, there 
was no major lateral changes in depositional setting and no 
intrashelf basinal architecture developed at this time. This 15 
indicated by the uniform sheet-like strata of all the large and 
small scale parasequences within the Biyadh Formation, 
they are layer-cake strata and do not have the shingle or 
clinoform geometries like the overlying Shu'aiba Formation 
(Fig. 1.15). The rudist facies in Biyadh Formation also 
correlate as a layer cake unit and are dominated by the 
elongate caprotinid Glassomyophorus and  Agriopleura 
species with no evidence of the high-energy reefal caprinid 
rudist of Offneria species. 

In addition, the average thickness of the Biyadh sequence 
is about 220 ft (67 m) whereas the average thickness of the 
Shu'aiba Formation 15 about 450 ft (137 m). This 1s due to 
the absence of extensive Lithocodium aggregatum algal 
mounds and a colonized rudist buildups in the Biyadh 
Formation. 


1.16.2 Shu'aiba Formation Hierarchy 
and Platform Evolution 


The Shu’aiba Formation, including Hawar unit and the Late 
Aptian sequences is about 530 ft (160 m) thick and is 
composed one large scale composite 2nd-order sequence 
(spanning ~7 My) comprised of four 3rd-order sequences 
(-“1-2 Му each) and 10 high frequency sequences 
(~400 ky-1 My; Fig. 1.19a). Previous study о! 


N. AL-Ghamdi and M. Pope 


AL-Ghamdi and Read (2010), interpreted 7 HFS's in the 
Shu'aiba platform within the Early Aptian, but did not 
interpret any 3rd-order sequences, due to the lack of bios- 
tratigraphic markers and poor age control within the 
Shu'aiba platform. This study used much more data than 
previous study and 15 also incorporating much more carbon 
isotope data that helps constrain the ages beyond the reso- 
lution of biostratigraphy (Fig. 1.14). Thus, eight HFS's (S1— 
S8) were identified and mapped on the Early Aptian 
Shu'aiba platform, plus two more HFS's (S9 and S10) are 
mapped on the Late Aptian platform edge, compared to 
seven HFS's in AL-Ghamdi and Read (2010). The extra 
sequence in the Early Aptian in this paper is S3 that is a 
significant chronostratigraphic marker, in addition to its 
association with a notable change in platform geometry and 
basin configuration. Thus interpreted as an individual HFS 
rather than parasequence. 

On the basis of stacking patterns, stratigraphic geometry, 
facies association and carbon isotope curves, the ten HFS's 
in the Shu'aiba Formation can be grouped into four 
3rd-order sequences with possible duration of —1—2 Му 
each. These 3rd-order sequences are abbreviated as 
3rd-order S1, 3rd-order S2, 3rd-order S3 3rd-order S4 to 
differentiate them from the HFS's 51-510. The first 
3rd-order S1 consists of S1, S2 and S3 that are characterized 
by a transgressive phase associated with sea-level rise, 
mud-dominated facies, and open marine algal platform 
environments, with Lithocodium/coral and Palorbitolina 
facies. This 3rd-order sequence represents a global diminish 
of carbonate production with the absence of rudist buildups 
that were replaced by extensive Lithocodium aggregatum 
and coral facies (Huck et al. 2012). The second 3rd-order 
sequence (3rd-order S2) is composed of sequences S4, S5 
and S6, associated with the development of massive rudist 
buildup facies. This sequence is dominated by aggrading 
geometries and relative sea-level still stand with high sedi- 
mentation rates representing the early HST of the Shu'aiba 
2nd-order composite sequence. The 3rd-order S2 also 
records an individual shallowing upward sequence where the 
base is dominated by transgressive Glassomyophorus rudist 
facies that shallow upward into a high-energy Offneria rudist 
facies that is capped by rounded rudist debris rudstone facies 
formed in a beach environment followed by subaerial 
exposure of the platform. 3rd-S2 here is equivalent to 
"Apt" іп van Buchem et al. (2010) and Yose et al. (2010). 

3rd-order sequence 3 is composed of 57 and 58 and it 
overlies the SB7 exposure surface that records the termina- 
tion of the colonized Offneria rudist buildups on the southern 
block. This 3rd-order sequence represents the last stage of 
deposition on the platform margin with shallow lagoonal 
miliolids peloidal packstone facies interfingering with local 
Agriopleura rudists. The stratigraphic geometry of this 
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sequence is dominated by late HST of the Shu'aiba com- 
posite sequence with slight progradation of the rudist and 
shallow lagoonal facies toward the basin. This sequence was 
extensively eroded and karstified during the Late Aptian 
unconformity that formed during a global sea-level fall 
(estimated of ~ 30 m sea-level drop), possibly due to polar 
glaciation (Al-Husseini and Matthews 2010). The fourth 
3rd-order sequence (3rd-order 54) is composed of the Upper 
Aptian (S9 and 510) that prograde from the shelf edge into 
the intrashelf basin. This sequence was only deposited on the 
northern platform edge during a forced regression and major 
sea-level fall in the Late Aptian. Core descriptions integrated 
with carbon isotope data confirm two prograding sequences 
formed on the flanks of the Shu'aiba platform, however, 
more prograding sequences may exist farther east toward the 
basin (Fig. 1.14). Yose et al. (2010) and Pierson et al. (2010) 
were able to identify nine prograding sequences on the U.A. 
E giant field A, using seismic data. 


1.16.3 Maximum Flooding Surfaces 


The regional maximum flooding surfaces of the Early Cre- 
taceous Biyadh and Shu'aiba Formations have been debated, 
especially the maximum flooding surfaces K70 and K80. 
Sharland et al. (2001) defined three major flooding surfaces 
within the study interval; (K60) in the Late Barremian 
Biyadh Formation, and (K70 and К80) in the Early Aptian 
Shu'aiba Formation. Sharland et al. (2001) placed K60 
within the unit at the base of the Biyadh Formation, placed 
K70 at the top of the Hawar dense unit corresponding to the 
highest gamma ray signal at the contact between Hawar unit 
and basal Shu'aiba Formation, and placed K80 higher in the 
Shu'aiba section coeval to the tar unit of intrashelf Bab 
Member. 

K60 in this paper was placed higher in the section within 
the mudstone facies of S2 at the base of the Biyadh For- 
mation (coeval to Khariab Formation in the U.A.E). It is 
similar to the placement of K60 in van Buchem et al. (2010) 
but different than the K60 of Sharland et al. 2001 that was 
picked within the dense unit underneath (Fig. 1.15). 

Davies et al. (2002) on his updated study, refined the 
location of K70 and placed it higher in the section within the 
lower part of the Shu'aiba Formation, corresponding the 
chalky Hedbergella planktonic mudstone facies that also 
was interpreted to be the deepest water facies of the Shu'aiba 
Formation (AL-Ghamdi and Read 2010). In addition, K70 
was interpreted to be the MFS of the entire Early Cretaceous 
supersequence (Sharland et al. 2001; Davies et al. 2002; 
AL-Ghamdi and Read 2010). The Hawar unit, was previ- 
ously interpreted as a deep, open platform with planktonic 
foraminifera associated with the predominant argillaceous 
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Palorbitolina packstone facies (Hughes 2000). AL-Ghamdi 
and Read (2010) interpreted the Hawar dense unit as 
deposited in relatively deep water environments, but with 
lack of planktonic foraminifera, thus K70 maximum flood- 
ing surface was placed higher in the section within the clean 
chalky planktonic mudstone facies that interpreted to rep- 
resent the deepest water facies of the Shu'aiba Formation. 
However, evidence of mud cracks and possible exposure 
surfaces within the coeval Hawar unit, especially in the 
outcrop of Jabal Akhdar (Oman), suggests that the Hawar 
unit may deposit in tidal flat or shallow restricted environ- 
ments rather than a deep open marine setting and repre- 
senting the early TST rather than the maximum flooding 
surface (van Buchem et al. 2002, 2010; Pittet et al. 2002; 
Stronhmenger et al. 2006). 

van Buchem et al. (2010) however did not recognize K70 
as a major surface, they only recognized the K80 as the 
major MFS of the entire Lower Cretaceous super sequence. 
Moreover, van Buchem et al. (2010), Droste (2010) and 
others, picked K80 on the basis of the general stratigraphic 
trend near the contact from the lower Shu'aiba transgressive 
phase dominated by Lithocodium/Bacinella facies to the 
middle Shu’aiba rudist buildups regressive phase. However, 
there is no discrete surface that can be identified for this 
MFS event and gamma ray logs also do not have a signifi- 
cant increase associated with this surface in the region. We 
agree that the MFS К80 is probably the major MFS for the 
Shu'aiba composite sequence rather than K70, but we do not 
agree that it is located at the contact between the 
Lithocodium/Bacinella facies and the rudist buildups facies. 
This contact is a major sequence boundary (SB 4 in this 
study and base of Apt in van Buchem et al. 2010), marked 
by a sharp contact and abrupt change in facies (Fig. 1.8d), 
depositional environment, and also change in the global 
carbon isotope values, thus it cannot be a sequence boundary 
and maximum flooding surface at the same time. K80 in this 
study is placed on a clear physical surface in cores, that is 
higher in the section than the K80 of van Buchem et al. 
(2010), within the rudist buildups facies of S5 associated 
with a major flooding surface and deep water facies recorded 
in cores associated with higher gamma ray signals, espe- 
cially on the flanks of the field (Figs. 1.16, 1.17, 1.18 and 
1.19). This is a major drowning event within S5 that 
occurred across the entire field and also occurred within the 
in situ rudist bank-crest setting, where deeper water Palor- 
bitolina mudstone/wackestone was deposited within the 
rudist buildups indicating major platform drowning event 
(e.g. wells 14, 9, 10 and 12). On the platform edge, major 
deepening is recorded with the deposition of a thick suc- 
cession of deeper water, black-laminated mudstone facies. 
Placing K80 at this surface makes 51-54 the TST of the 
entire Shu'aiba composite sequence with general aggrading 
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and backsteeping geometries. 55-58 then become the early 
HST with aggrading and slight prograding geometries 
toward the basin. 59-510 is the late HST with strong, 
downstepping and progradational geometries (Fig. 1.19). In 
addition, the rudist buildups in S4, beneath the K80 are 
mainly dominated by the relatively deep water transgressive 
caprotinid Glassomyophorus rudist, but above K80 the 
caprinid Offneria rudists are the predominant rudist type. 
Therefore, K80 here is the turnover surface (MFS) between 
the large scale TST and HST of the Shu'aiba composite 
sequence. 

Although К80 is considered the major MFS of the 
Shu'aiba composite sequence, K70 is still ап important 
flooding unit and it is picked here as the MFS of the HFS S2 
and the МЕ5 of the 3rd-order sequence 1. К70 also is ап 
important surface, because it is associated with the onset of 
the major carbon isotope positive excursion of the Early 
Cretaceous just beneath the Lithocodium/Bacinella facies, 
coeval to widespread black shale deposited during the global 
OAE 1a (Immenhauser et al. 2005). It is not clear why this 
MFS (K70) and its associated facies, the deep planktonic 
chalky mudstone unit (brown color in the cross sections) was 
not clearly defined and mapped in the region. This MFS was 
described as a secondary higher-order flooding event with 
limited correlation potential (e.g. van Buchem et al. 2010). 


1.16.4 Anatomy of the Shu'aiba Formation 
Platform 


A series of facies maps (Fig. 1.20a-g) were generated for 
each HFS (53-510) to illustrate the evolution of Shu'aiba 
platform and to track the changes in its depositional anatomy 
to determine its influence on reservoir quality. These facies 
maps are crucial for constructing a 3-D geocellular model 
and also for predicting reservoir quality and guiding new 
drilling programs. They also are important to understand the 
influence of third order sea-level changes during the Aptian 
on the Shu'aiba platform and the effect of syn-depositional 
faulting on facies development. The facies maps were con- 
structed using the 55 cored wells at the top of each sequence 
representing the HST of each sequence. S1 and S2 were not 
included in the facies maps, because their facies are 
sheet-like strata across the region without any lateral facies 
changes. 
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Fig. 1.20 a Facies map at top of HFS 3. This facies is dominated by 
Lithocodium facies. Intraplatform depression is dominated by Palor- 
bitolinawackestone facies (green). Coral facies form local mounds on 
the flanks. b Facies map at top of HFS 4. This map shows the initiation 
of the rudist buildups. The southern block still develops extensive 
Lithocodium on the western margin. c Facies map at top of HFS 5. 
Rudist buildups rimmed the northern block, while the western side of 
the southern block is open to deep lagoonal facies. d Facies map at top 
of HFS 6. Extensive and continuous rudists buildups formed around the 
field. e Facies map at top of HFS 7. The platform is dominated by inner 
ramp lagoonal facies, but rudist buildups still forming in the eastern 
margin. f Facies map at top of HFS 8. The southern block is subaerially 
exposed and the northern block is dominated by inner ramp shallow 
lagoonal facies. g Facies map of the Upper Aptian sequences 9 and 10. 
The whole platform was subaerially exposed except the north and 
eastern margins of the northern block, where prograding sequences 
occurred 
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Fig. 1.20 (continued) 


1.17 Facies Anatomy of HFS 3 (S3) 


Sequence 3 is dominated by the development of 
Lithocodium/coral algal mounds with subtle lateral facies 
changes to Palorbitolina wackestone (Fig. a). In this 
sequence, the Shu'aiba platform is dominated by the 
Lithocodium facies associated with global sea-level rise that 
flooded epicontinental basins around the world during the 
development of Oceanic Anoxic Event 1а. This Lithocodium 
facies 15 coeval to black shale and the global OAE 1a else- 
where (Immenhauser et al. ). The Lithocodium facies 1n 
this sequence develop a thick and extensive algal mound on 
the margin that thins toward the eastern side of the basin and 
changes to deep, open marine facies. Patchy coral mounds of 
mixed platy and massive corals developed locally to the 
north and south. These coral facies may extend for several 
kilometers and providing high reservoir quality due to the 
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Fig. 1.20 (continued) 


abundance of intergranular and moldic porosity within the 
corals (Fig. 1.6f). These coral mounds developed on top of 
the Lithocodium facies as topographically higher coral 
mounds were suitable place for the rudist buildups to initiate 
in the following sequences, such as the elongate coral unit 
on the north that is overlain by the high-energy rudist facies 
that has the highest reservoir quality in all wells. The 
intraplatform depression between the northern and southern 
blocks was dominated by Palorbitolina wackestone facies 
without significant Lithocodium or coral developed due to 
sediment starvation. and its topographic low position. 
Therefore, S3 thins dramatically in this zone or pinches out 
altogether (Wells 7 and 8) (Fig. ). This change in the 
facies at the intraplatform depression suggests that the 
syn-depositional fault systems initiate early in this sequence, 
because previous sequences were uniform beneath this 
depression area (AL-Ghamdi and Read ). 
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Fig. 1.20 (continued) 



































1.18 Facies Anatomy of HFS 4 (S4) 


Sequence 4 formed at the base of the 3rd-order 52, recording 
the onset of the rudist buildups along the north and south 
margins of the platform (Fig. b). The south margin 
rudist facies passes eastward into an open marine Lithoco- 
dium algal platform or lagoonal facies, whereas the northern 
block developed more extensive rudist buildups that transi- 
tioned into a fragmented rudist shoal except along the 
northeastern flanks (Wells 50 and 52) where the Lithoco- 
dium facies persisted, suggesting an open environment to 
deeper water facies off the margin. The rudist buildups in 
this sequence are dominated by mixed Glassomyophorus 
and  Offneria rudists in the northern and mainly 
Glassomyophorus rudists on the southern block, suggesting 
the northern block was influenced by higher energy waves 
than the southern block. The rudist buildups on the eastern 
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flanks were interpreted as the windward margin whereas the 
western flank was the leeward margin (AL-Ghamdi and 
Read ). However, the western flank rudist facies (pink) 
is dominated by fragmented rudists rudstone in a grainy 
matrix with abundant moldic and vuggy porosity and was 
deposited under a higher energy environment than the 
eastern flank (red) (Fig. 1.7e). Conversely, the eastern flank 
rudist facies, is dominated by in situ — rudist 
rudstone/floatstone with muddy matrix filling and infiltrating 
the rudists with moderate to good porosity. Rudist buildups 
in this sequence formed north-south oriented buildups, with 
discontinuous elongated barriers possibly separated by tidal 
channels (Fig. ). These discontinuous rudist buildups 
was conceptually interpreted on the basis of discontinuous 
barrier banks (or reefs) in modern carbonates platforms such 
as the Great Pearl Bank barrier of the Arabian Gulf (Hughes 

) and the Great Barrier Banks of Australia (J.F Read, 
personnel com.). The intraplatform depression is dominated 
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Fig. 1.20 (continued) 


by detrital grainstone facies developed in an elongated W-E 
trending trough with high-energy currents in a channel-like 
geometry. This detrital grainstones were sourced from the 
surrounding rudist buildups that developed on the topo- 
graphically high W-E trending rim created by fault systems, 
possibly along deep seated basement faults as suggested by 
seismic data. The platform interior in the northern block is 
generally dominated by the back-bank Glassomyophorus 
rudist floatstone with no evidence of deep lagoonal ponds or 
restricted lagoons as previously thought (Hughes ). The 
southern block, however has deeper back-bank or lagoonal 
settings dominated by Lithocodium aggregatum facies as 
shown on the western flank (Fig. b). 
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HFS's 9&10 


Fig. 1.20 (continued) 


1.19 Facies Anatomy of HFS 5 (S5) 


The rudist buildups in this sequence continued to develop a 
stacked sequence above the previous platform margins, but 
the buildups extend further around the platform (Fig. 1.20c). 
For instance, rudist buildups were established above the 
Lithocodium facies of S4 on the far south and possibly 
attached to the previous rudist buildups on the central part at 
Well 4 with an elongated north-south trend. The northern 
block has similar rudist trends as the previous sequence, but 
they also extended into Wells 50 and 52 forming a amore 
continuous rim around the platform over Lithocodium facies 
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in S4. A major change in facies in the northern block is the 
development of a high-energy grainstone shoal (Fig. 1.7c), 
in the platform interior (yellow zone, Fig. 1.20c) as an 
elongated north-south trending zone. This high energy 
grainstone in the platform interior was deposited in a shoal 
or shallow back-bank settings and surrounded by in situ 
rudist buildups on both sides. The southern block, however 
does not have such high energy shoal facies, instead, the 
platform interior is dominated by low energy lagoonal 
wackestone or Lithocodium/coral facies (e.g. Wells 33, 23 
and 35). The deep lagoonal facies marks a widespread 
deepening event that were clearly recorded on the flanks 
wells (e.g. wells 21, 26, 30 and 45) associated with the 
regional maximum flooding unit (МЕС, К80) of the 
Shu'aiba 2nd-order composite sequence, coeval to the K80 
of Sharland et al. (2001). This MFU is also recorded within 
the rudist buildup barrier as a thin unit of Palorbitolina 
wackestone facies. 


1.20 Facies Anatomy of HFS 6 (S6) 


Sequence 6 has well established rudist barrier banks around 
the field and records the shallowest water facies of the 
Shu'aiba Formation associated with subaerial exposure 
surface (Fig. 1.20d). Rudist buildups are mainly dominated 
by the high-energy, recumbent Offneria rudists (Fig. 1.7f), 
that formed more continuous in situ rudist barriers. There- 
fore, the rudist facies predominate across the entire platform, 
either as a rim of barrier banks, or back-bank, or fore-bank 
fragmented rudist rudstone. The platform interior on the 
northern block is dominated by high-energy grainstone as 
well as by a new established local rudist buildups in the 
central part of the platform (Well 11 and 44). The platform 
interior in the southern block also is dominated by moder- 
ately deep back-bank rudist facies, except where deep 
restricted ponds in the central part of the platform interior 
(Wells 22, 12 and 3). The northeastern flanks is dominated 
by fine skeletal wackestone/mudstone deposited in slope and 
open marine settings as in previous sequences, but subtle 
shallowing occurs in this stage to more detrital skeletal 
packstone. The rudist buildups in this sequence are capped 
by thin, well-rounded, well-cemented rudist rudstone facies 
of high-energy beach environments (Fig. 1.7d), followed by 
an exposure surface, marking the termination of rudist 
buildups in the southern block and the end of the 3rd-order 
sequence 2. 
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1.21 Facies Anatomy of HFS 7 (S7) 

Sequence 7 is dominated by extensive shallow 
lagoonal/inner ramp environments with fine skeletal peloidal 
milliolid packstone/wackestone facies on both north and 
south blocks (Fig. 1.20e). However, the northern block still 
developed rudist barrier banks on the eastern side, backed by 
shallow lagoonal sediments. These rudist buildups have 
similar trends to previous rudist buildups, but are slightly 
shifted basinward representing slight progradation of the 
platform margin settings. These rudists are possibly dis- 
continues separated by tidal channels. The intraplatform 
depression still contains fragmented rudist skeletal grain- 
stone, therefore a rudist buildups likely formed around the 
trough to source this grainstone facies. The southern block is 
entirely dominated by the shallow lagoonal sediments 
excepts where Agriopleura rudist floatstone that developed 
local mounds. 


1.22 Facies Anatomy of HFS 8 (S8) 


Sequence 8 only occurs on the northern block, while the 
southern block was subearially exposed (Fig. 1.20f). The 
northern block is dominated by shallow lagoonal facies that 
prograded basinward. The intraplatform channel was buried 
by the shallow lagoonal facies. Rudist buildups did not form 
during this sequence. 


1.23 Facies Anatomy of HFS’s 9 and 10 (S9 
and S10) 


Sequences 9 and 10 are Upper Aptian sequences formed 
only on the northern lock platform edges as a prograding 
sequences into the basin during a long-term sea level fall 
(Fig. 1.20g). Facies anatomy of these sequences include 
shallow water rudist/stromatoporoid/coral marginal facies 
formed marginal setting on the eastern and around the far 
northern part of the field. An upper Aptian wedge along the 
western flank (Well 45) consists solely of shallow Іроопа! 
facies, with no rudist or shallow marginal facies occurred in 
this wedge. The shallow water marginal facies on the eastern 
flank passes laterally into slope and deep open marine facies. 
Moreover, these Upper Aptian sequences begin with a 
flooding even of an argillaceous mudstone at their base 
interpreted as low-stand wedges. This argillaceous mudstone 
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Fig. 1.21 Composite global correlation between the Arabian Plate 
Biyadh and Shu'aiba formations and the global stratigraphic records. 
The colors used for each sequence were arbitrary to highlight the 


is interpreted as a continuous N-S elongate wedge that may 
act as a reservoir barrier to fluid flow movement. The 
interpretation of this mudstone as a low-stand wedge may 
imply a separation in the reservoir units, however, pressure 
data 1s required to substantiate this interpretation. 


1.23.1 Global Correlation 

The Lower Cretaceous Barremian and Aptian successions of 
the subsurface Biyadh and Shu'aiba Formations record 
major subaerial sequence boundaries and dramatic facies 
changes associated with growth and demise of carbonate 
platforms that can be linked to global changes in sea-level, 
ocean chemistry, and Milankovitch orbital forcing. To 
evaluate this relationship, the stratigraphic framework of the 
Biyadh and Shu'aiba Formations presented in this paper 
were calibrated to biostratigraphy and stable isotope 
chemostratigraphy and correlated to: (1) the global sea-level 
curve of Haq and Schutter (2008); (2) the sequence strati- 
graphic records from European sections (Hardenbol et al. 
1998); (3) the high-resolution sea-level changes recorded in 
Pacific guyots (Rohl and Ogg 1998); (4) the high-resolution 
orbital model sea-level (Al-Hussaini and Matthews 2010) 
and (5) the global carbon isotope curve of the Tethyan 
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pelagic records (Fóllmi et al. 2006) (Fig. 1.21). This corre- 
lation suggests that the 3rd-order sequences of the Biyadh 
and Shu'aiba Formations formed in response to global 
sea-level changes and to rapid Earth's climate changes. Also, 
most HFS's can be correlated globally, but are less pro- 
nounced than the 3rd-order sequences. The high-resolution 
orbital forcing model of Al-Husseini and Matthews (2010) is 
controlled by the 405 ky eccentricity cycles (called stra- 
tons), driven mainly by glacio-eustaty. Some of these stra- 
tons are correlated directly to some HFS’s in this study, 
especially the HFS's in the Biyadh and the lower part of the 
Shu'aiba Formations. The following is a brief discussion of 
each sequence with their correlated sea-level апа 
chemostratigraphic curves and the significant and implica- 
tions of their global correlations. 


1.23.2 3rd-Order Barremian Sequence (Biyadh 
Formation) 


The 3rd-order composite sequence of the Biyadh Formation 
is composed of four HFS's (S1-S4) and is coeval to Ap Bar2 
of van Buchem et al. (2010). The correlation suggests that 
51 and S2, which are the TST of this sequence, are corre- 
lated with Bar 5 in Hardenbol et al. (1998) and formed 
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during one sea-level rise and fall of Haq and Schutter (2008) 
and correlates to stratons 326-314 of the orbital sea-level 
model (Al-Husseini and Matthews 2010). The extreme 
spike of the orbital model at straton 315, represents the 
maximum sea-level rise and is correlated with the MFS of 
the Biyadh 3rd-order composite sequence corresponding to 
the deepest water facies in Biyadh Formation, which is the 
chalky mudstone facies at the middle of Biyadh 52. 
This MFS is well correlated with the 3rd-order regional 
MES (K60) of Sharland et al. (2001) and van Buchem et al. 
(2010). The coeval Tethys carbon isotope curve of this 
sequence shows subtle change with an overall minor grad- 
ual increase from 1.5%о at the base of S1 to 2.2%) at the top 
of S2 (Fig. 1.21). 

The HST of the 3rd-order Biyadh sequence is composed 
of two HFS's (S3 and S4) and they are correlated to the 
global Bar 6 of Hardenbol et al. (1998), and formed during 
one global sea-level rise and fall of Haq and Schutter (2008). 
S3 and S4 are well correlated with stratons 313 and 312 of 
Al-Husseini and Matthews (2010), suggesting that each of 
these HFS’s is ап ~ 400 Ку cycle. This correlation suggests 
that the Biyadh 3rd-order composite sequence can be sepa- 
rated into two smaller scale 3rd-orders sequences, each on 
the order of --1-1.5 My duration, where the mud domi- 
nated- TST sequences S1 and S2 of the Biyadh Formation 
comprise one sequence coeval to Bar 5, and the 
grain-dominated- HST sequences S3 and S4 comprise 
another sequence coeval subtle change with an overall minor 
gradual increase from 1.5%о at the base of S1 to 2.2% at the 
top of S2 (Fig. 1.21). 

The HST of the 3rd-order Biyadh sequence is composed 
of two HFS's (S3 and S4) and they are correlated to the 
global Bar 6 of Hardenbol et al. (1998), and formed during 
one global sea-level rise and fall of Haq and Schutter (2008). 
S3 and S4 are well correlated with stratons 313 and 312 of 
Al-Husseini and Matthews (2010), suggesting that each of 
these HFS's is ап ~ 400 Ку cycle. This correlation suggests 
that the Biyadh 3rd-order composite sequence can be sepa- 
rated into two smaller scale 3rd-orders sequences, each on 
the order of --1-1.5 My duration, where the mud domi- 
nated- TST sequences S1 and S2 of the Biyadh Formation 
comprise one sequence coeval to Bar 5, and the 
grain-dominated- HST sequences 53 and S4 comprise 
another sequence coeval to Bar 6. 53 and 54 contains many 
small-scale parasequences (13 parasequences for each 
sequence). Since S3 апа 54 аге ~ 400 Ку in duration; each 
parasequence appears to be fifth-order cycles span- 
ning ~40 ky duration and may be related to obliquity 
orbital forces. 
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1.23.3 3rd-Order Early Aptian Shu’aiba 
Sequence 1 


The Early Aptian 3rd-order sequence 1 is composed of three 
sequences (S1, S2 and S3) and occurred in the lower part of 
the Shu’aiba Formation and includes the Hawar unit. This 
sequence is соеуа to the Ap Aptl and 2 of van Buchem 
et al. (2010). SB1 is a major sequence boundary that sepa- 
rates the Barremian Biyadh Formation from the Aptian 
Hawar unit and Shu'aiba Formations and it is linked to the 
Barremian-Aptian boundary (~ 125 My) and correlates with 
the global sequence boundary at the base of Apt 1 in Har- 
denbol et al. (1998) and Rohl and Ogg (1998). This 
boundary represents a major high magnitude sea-level fall 
possibly on the order of tens of meters that can be traced 
worldwide  (Hillgartner et al. 2003; Droste 2010; 
Al-Husseini and Matthews 2010). This boundary is associ- 
ated with a negative carbon isotope excursion that also is 
correlated worldwide and is used in this correlation as a 
datum for the global correlation (Fig. 1.27). This boundary 
also reflects major rapid change in global climate from 
cooling and sea-level fall during the Late Barremian to 
global warming and sea-level rise during the overlain Early 
Aptian (Jenkyns 2003; Weissert and Erba 2004). The major 
negative carbon isotope excursion in the earliest Early 
Aptian is related to dissociation of methane hydrates, pos- 
sibly triggered by an increase іп volcanism on the 
Ontong-Java Plateau (dated ~ 125-119 Ma) with large 
amount of СО» released to the atmosphere causing a 
greenhouse warm climate and coincident warming of bottom 
waters on continental shelves that resulted in global warming 
and sea-level rise in the earliest Early Aptian (Larson and 
Erba 1999; Weissert апа Erba 2004; Follmi et al. 1994, 
2006; Jahren et al. 2001; Jenkyns 2003). The 
Barremian-Aptian boundary in the Shu'aiba Formation is 
overlain by S1 with the deposition of the argillaceous Hawar 
unit. 51 is correlated with Aptl in Hardenbol et al. (1998) 
and Aptl in Rohl and Ogg (1998), associated with global 
sea-level rise in the earliest Aptian (Fig. 1.14). The Early 
Aptian stratons 311 and 310 are correlated with Aptl and 
thus seem to be correlated with the Hawar unit in the 
Shu’aiba Formation. However, Al-Husseini and Matthews 
(2010) correlated these stratons with lowstand wedge 
sequences only present in the Oman Ocean margin that 
опар onto the SB1 sequence boundary (Droste 2010). 
Stratons 311 and 310 were interpreted to be coeval to the 
subaerial exposure of ӚВІ and thus the Hawar unit is cor- 
related to stratons 309 and 308. This correlation may work 
as a regional interpretation within the Arbian Plate sequence 
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stratigraphic framework, but when stratons 309 and 308 are 
correlated globally to Aptl of Hardenbol et al. (1998), there 
will be a problem with correlating the rest of the sequences 
with the sea-level curve and global isotope signature. For 
instance, if stratons 309 and 308 are linked to the Hawar unit 
and correlated with the global Apt 2 instead of Aptl, that 
will make stratons 304-301 equivalent to Ap3 of Hardenbol 
et al. (1998), and correlative to the global OAEla event as 
interpreted by Al-Husseini and Matthews (2010). That cor- 
relation suggests that the rudist dominated (3rd-order 
sequence 2) in this study, or the equivalent AP Apt 3 of 
van Buchem et al. (2010) correlates with the OAElIa (беш 
unit) in the standard isotope curve of Fóllmi et al. (2006). 
The OAEla should correlate to the Lithocodium dominated 
interval of the Shu'aiba Formation which 1s S3 (within the 
3rd-order sequence 1) in this study or Ap Apt 2 of van 
Buchem et al. (2010). The carbon isotope records of 
Shu’aiba Formation integrated with ^ biostratigraphy 
(Fig. 1.14) strongly suggest that the Hawar unit is correlated 
with the first negative excursion above the Barremian-Aptian 
boundary and hence is correlated to Apt 1 and the sea-level 
rise above the boundary. 

S2 of the Shu’aiba Formation records a major deepening 
event associated with the deposition of chalky Hedbergella 
mudstone, which is the deepest water facies of the Shu’aiba 
platform. This flooding event is coeval to K70 of Davies 
et al. (2002) and it correlates to the onset of the major 
positive enrichment of carbon isotope values, just beneath 
OAEla. MFS K70 is possibly correlated to the highest 
sea-level rise of straton 308 of Al-Husseini and Matthews 
(2010) and to the sea-level rise of Ap 2 of Hardenbol et al. 
(1998). S2 here with its deeper facies and K70 likely cor- 
relates with the Early Aptian nannoconid crisis defined from 
the Tethyan pelagic sediments. The nannoconid crisis was 
caused by a reduction in calcification, due to the high 
atmospheric CO» just before the OAE 1a, and is associated 
with a global warming event and sea-level rise (Luciani et al. 
2006). 

The Shu'aiba 53 is dominated by an extensive Lithoco- 
dium aggregatum wackestone and is correlated to the max- 
imum carbon isotope enrichment and to the OAE 1a. S3 
possibly correlates to stratons 307-305 and to the TST of the 
Ap3 of Hardenbol et al. (1998). This correlation differs from 
the correlation of Al-Husseini and Matthews (2010) that 
correlate stratons 304-301 to the OAEIa and to the Ap Apt3 
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of van Buchem et al. (2010). This latter correlation contra- 
dicts the biostratigraphic zonation, therefore, the correlation 
provided here is suggested as an update for correlating the 
Arabian Plate stratigraphic records to the global records. 


1.23.4 3rd-Order Early Aptian Shu'aiba 
Sequence 2 


This 3rd-order sequence is a rudist bearing unit composed of 
three sequences (54,55 and 56) that formed in the middle 
part of the Shu'aiba Formation and it is coeval to the Ap 
Apt of van Buchem et al. (2010). This sequence correlates 
with the upper part (HST) of Ap 3 of Hardenbol et al. 
(1998), deposited during the HST of the global sea-level 
curve of Haq and Schutter (2008). It also correlates to the 
Apt 4 sequence in the Pacific Guyot of Rohl and Ogg 
(1998). This sequence possibly correlates with stratons 
304-301 where the maximum sea-level rise occurred within 
straton 303 coeval to the proposed MFS of the Shu'aiba 
composite sequence presented here, and corresponding to 
the regional K80 of Sharland et al. (2001). This MFS occurs 
within S5 and is well recorded in all wells of the study area. 
The carbon isotope curve of the Tethys pelagic record of 
Fóllmi et al. (2006) correlated to this unit shows enrichment 
values at the furcata ammonite zone corresponding to the 
maximum sea-level rise. This enrichment of carbon isotope 
values should not be confused with the lower major 
enrichment that correlates to the deshayesi ammonite unit 
related to the global OAEla. The carbon isotope values of 
the Shu'aiba platform record within this sequence range 
from 4.5 to 5%о with more uniform values corresponding to 
the development of the extensive rudist buildups (Fig. 1.14). 
Al-Husseini and Matthews (2010), however, correlated 
stratons 304—301 to Apt 3 of Hardenbol et al. (1998) and to 
Ap Apt3 of van Buchem et al. (2010), but correlated these 
stratons to the lower major carbon isotope enrichment of the 
deshayesi ammonite unit associated with the OAEla. 
However, this interpretation contradicts with the strati- 
graphic framework, facies and chemostratigraphy presented 
here, because both the 3rd-order sequence 2 in this paper and 
the Ap Apt3 of van Buchem et al. (2010) are 
rudist-dominated sequences that developed above the 
OAEla. The 3rd-order sequence 2 represents a recovery of 
carbonate productivity after the demise of carbonate 
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buildups in the lower Hawar unit, the nannoconid crisis and 
the Lithocodium aggregatum interval that acts as a substitute 
to the rudist buildups during the carbon perturbation inter- 
vals and OAEla in the Early Aptian (Immenhauser et al. 
2005). 


1.23.5 3rd-Order Early Aptian Shu'aiba 
Sequence 3 


This 3rd-order sequence consists of S7 and S8 and it is part 
of the HST of the Shu'aiba composite sequence. This 
sequence appears to be a regional, rather than a global 
individual sequence, but when combined with 3rd-order S2, 
it correlates with the late HST of the global Ap3 of Har- 
denbol et al. (1998). In the marginal setting, the top of this 
sequence records a prominent sea-level fall that correlate 
with the global sea-level fall at the top of Ap3. 


1.23.6 3rd-Order Late Aptian Shu'aiba 
Sequence 4 


Late Aptian Shu'aiba sequence 4 formed only on the plat- 
form edge as a progradational wedge composed of S9 and 
S10, representing a forced regression system and is coeval to 
the Ap Apt4 of van Buchem et al. (2010). It also correlates 
with Ap4 of Hardenbol et al. (1998) and with Apt5 in Rohl 
and Ogg (1998). The orbital model shows eight stratons 
(300—293) correlate to this sequence, suggesting that more 
progradational sequences may occur basinward in the study 
area, similar to the nine prograding sequences interpreted 
from seismic data in nearby fields (Pierson et al. 2010; Yose 
et al. 2010). The stratigraphic record from the Pacific Guyots 
shows a maximum of two or three sequences correlated to 
the eight prograding sequences in the Arabian Plate. This 
suggests that these prograding sequences might be correlated 
regionally rather than globally, reflecting more local relative 
sea-level changes. The carbon isotope curve shows gradual 
upward depletion in this sequence indicated a cooling 
interval may have followed the major positive enrichment 
associated with the OAE 1a. 

The global sequence Ap5 of Hardenbol et al. (1998) 
correlates to Apt9, AptlO in the Pacific Guyots апа to 
stratons 292-281. This sequence does not form in the 
Shu'aiba study interval here but may occur in the far eastern 
part of the Shu'aiba platform as small scale prograding 
wedges. The orbital cycles in Ap5 suggest a substantial 
glacio-eustatic lowstand on the order of —30 m sea-level 
drop (Al-Husseini and Matthews 2010). This sea-level drop 
culminates to the top of Ap5 of Hardenbol et al. (1998) 
where the largest sea-level drop of the Aptian stage occurred 
(Haq and Schutter 2008). The Pacific guyot also records a 
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major sea-level drop just above Ар(10 that correlates to the 
global sea-level curve. The Late Aptian unconformity at the 
top of the Shu'aiba Formation formed during this major 
sea-level drop, producing a major subaerial unconformity 
and karst features. The base of the Nahr-Umr Formation 
represents the latest Aptian transgression (Al-Husseini and 
Matthews 2010) and correlates to Apt 6 of Hardenbol et al. 
(1998), Apt 12 of the Pacific guyots and the global sea-level 
curve of Haq and Schutter (2008). Nahr-Umr shale formed 
above the top Shu'aiba unconformity and record a wide- 
spread sea-level rise, possibly representing the meltdown of 
the Late Aptian glaciations (Al-Husseini and Matthews 
2010); and corresponding to an abrupt positive enrichment 
in the carbon isotope curve just beneath the Aptian/Albian 
boundary. 


1.23.7 Implication and Significance of Global 


Correlations 


The global correlation presented above suggests that the 
Biyadh and Shu’aiba Formations records a strong influence 
of the 3rd-order global sea-level changes associated with 
changes in carbon isotope signature, ocean chemistry and 
global climate on the development of Biyadh and Shu'aiba 
platforms. This correlation suggests major differences in the 
sea-level magnitude are associated with changes in strati- 
graphic accumulation between the Barremian and the Aptian 
stages (Fig. 1.21). The Barremian stage has lower amplitude 
sea-level fluctuations with relatively thinner sequences 
compare to the Aptian stage that has higher amplitude 
sea-level fluctuations associated with thicker sequences and 
more pronounced condensed sections. Also, the Barremian 
stage is dominated by а small-scale parasequences 
(decimeter scale), whereas the Aptian stage is dominated by 
larger-scale parasequences (meter scale), except the Hawar 
unit. The Barremian parasequences of the Biyadh Formation 
have an average duration of 30-40 ky, whereas the Aptian 
parasequences have an average duration of 100 ky. This 
suggests that the glacio-eustatic control of the eccentricity 
orbital cycles were not the main driving mechanism for both 
the Barremian and Aptian stages. The parasequences of the 
Barremian Biyadh Formation possibly reflect obliquity 
cycles, whereas the parasequences of the Aptian Shu’aiba 
Formation may reflect small-scale eccentricity. Therefore, 
the Barremian stage may have recorded a warmer global 
climate, compared to the Aptian that records cooling and 
warming intervals with possible glaciations recorded during 
the base (SB1), middle (SB7) and upper part of the Aptian. 
Thus, the Aptian stage is not a uniform greenhouse period. 
Instead, it is more transitional time interrupted by glacial 
events as suggested by stratigraphic records, sea-level fluc- 
tuations and isotope data. 


1 Resolution Stratigraphic Architectures, Facies Anatomies ... 
1.24 Conclusions 


A detailed high-resolution rock-based stratigraphic frame- 
work of the Lower Cretaceous (Barremian and Aptian) 
Biyadh and Shu'aiba Formations provides an updated 
stratigraphic and depositional framework for these units. 
This framework are developed from 55 cored wells, bios- 
tratigraphy and 26 carbon isotope curves, covering the entire 
Shu’aiba platform in one the most prolific giant carbonate 
reservoirs in the Middle East. The Late Barremian Biyadh 
Formation is composed of one 3rd-order composite 
sequence (~3 My), comprised of four high-frequency 
sequences (51-54). S1 and S2 are the TST of the Bar- 
remian composite sequence and K60 is the composite MEFS, 
occurring within S2. These sequences are composed pre- 
dominantly of relatively deep subtidal mud-dominated 
Palorbitolina chalky wackestone/mudstone facies. S3 and 
S4 are the HST of the Barremian composite sequence and 
are composed of high-energy shallow water subtidal with 
Caprotinid rudist and peloidal grainstone facies. This 
sequence is capped by a regional subaerial boundary (SB1) 
recording a global sea level fall. 

The entire Shu'aiba Formation formed a 2nd-order 
composite sequence (—7 My duration) composed of four 
3rd-order sequences (~ 1—2 My) and ten HFS's (51-510; 
each —405 ky-1 My duration). S1 records the initial TST 
with the deposition of Hawar unit, followed by S2 that 
records the deepest water facies and the regional МЕ5 
(K70). S3 is the late TST of the Shu'aiba composite 
sequence and is characterized by the deposition of extensive 
Lithocodium aggregatum/coral facies associated with the 
onset of differentiated platform-to-basin settings with slight 
clinoform and backstepping geometries. The 3rd-order 
sequence 2, consisting of S4-S6, records the onset of a 
well-established platform-margin setting containing rudist 
buildup facies that changed toward the platform interior into 
lagoonal facies and transitioned basinward into fore-bank, 
slope and basinal settings with pronounced clinoform 
geometries. This sequence has a transgressive lag at its base 
dominated by Glossomyophorus rudists that deepen upward 
to the regional composite MFS (K80). This is followed by 
the higher energy bank-crest of in situ caprinid rudist rud- 
stone facies that is capped by well-rounded rudist fragments 
deposited in beach environments followed by the develop- 
ment of exposure surface (SB 7). 57 and 58 are dominated 
by shallow lagoonal peloidal milliolid packstone facies 
associated with local Agriopleura floatstone, representing 
the HST of the Shu'aiba composite sequence. 

The newly identified Upper Aptian sequences S9 and S10 
are recorded on the northern-block within  prograding 
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platform edge and slope settings that formed during a major 
forced regression. These sequences were identified on the 
basis of chemostratigraphic analysis calibrated with bios- 
tratigraphy. These sequences form a lowstand wedge of 
argillaceous wackestone facies that may act as a possible 
reservoir baffle zone, changing upward to high energy 
marginal facies of mixed rudist and stromatoporoid/coral 
facies. Regional correlation suggests that more prograding 
sequences likely formed basinward. 

High-resolution maps of facies distribution were gener- 
ated to define the depositional anatomy and reservoir facies 
distribution. These maps are crucial when integrated with 
petrophysical parameters to determine the 3-D reservoir 
model, and help predict the uncertainty between the wells, 
thus enhancing the 3-D reservoir characterization. The 
Shu'aiba platform is divided into northern and southern 
blocks, each with their own distinctive facies distribution 
and depositional anatomies. The northern block records 
higher energy facies with grainstone shoals/channels devel- 
oped in the platform interior, whereas the southern block has 
thicker Lithocodium aggregatum algal platform facies with 
relatively lower energy environments. The southern block 
has deeper lagoonal environments within the platform 
interior. 

A refined global correlation between the Arabian Plate 
and global stratigraphic records and global sea-level curves 
was generated on the basis of this study. This correlation 
strongly suggests a direct influence of the 3rd-order sea-level 
fluctuations in the Biyadh and Shu'aiba Formations. The 
Shu'aiba Formation records the perturbations of global car- 
bon cycles associated with the nannoconids crisis and 
OAEla. The global nannoconids crisis appears to be corre- 
lated with the deep chalky mudstone facies associated with 
the MFS in S2, that is coeval to the regional MFU (K70). 
The OAEla with its distinctive carbon isotope values is 
coeval to the Lithocodium aggregatum facies of S3 and 
correlated to the TST of global sequence AP3. This corre- 
lation also suggests that Aptian HFS's were mainly con- 
trolled by glacio-eustatic sea-level changes and the long term 
eccentricity cycles (~405 ky) were the main driving 
mechanism. The Barremian sequences record low magnitude 
sea-level changes with relatively thinner sequences com- 
pared to the Aptian. Moreover, the Barremian parasequences 
likely reflect obliquity (~40 ky), whereas the Aptian 
parasequences are likely controlled by small scale eccen- 
tricity (~ 100 ky) cycles. The Shu’aiba Formation records 
major subaerial hiatus reflecting glacial intervals, interrupted 
by major flooding units reflecting global warming intervals. 
These changes in the stratigraphic records and sea-level 
magnitude between the Barremian and Aptian suggest a 
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prevailed greenhouse period during the Barremian, changed 
rapidly into a transitional climate period in the Aptian 
interrupted by glacial events. 
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Abstract 

The lowermost unit of the Cretaceous succession onshore 
Lebanon is a widespread prominent sandstone formation 
traditionally known as the “Grès de Base". The formation 
commonly consists of sandstones with some claystones, 
shales, lignites and locally volcanic rocks. Based on 
outcrop samples taken in the central and northern parts of 
Mount Lebanon the petrographical composition of the 
typical Chouf Sandstone is dominated by monocrystalline 
quartz (85-95%) indicating a well-sorted sandstone. 
Sedimentological observations suggest that the Chouf 
Formation deposited in fluvial, coastal plain and deltaic 
environments. The Barremian Chouf Sandstone is vari- 
able in thickness, ranging from a few metres to more than 
700 m. Some abrupt lateral isopach variations are inter- 
preted to be the result of deposition in individual 
extensional mini-basins located in a much larger overall 
basin extending into neighbouring Syria, Jordan and 
Israel/Palestine. Due to the lack of subsurface informa- 
tion, the isopach values were estimated from remote 
sensing observations of the Chouf outcrop geometries in 
NW Lebanon. Assuming a syn-rift origin for this 
formation, the thickness measurements were interpreted 
in the context of numerous half-grabens with the master 
normal faults trending WNW-ESE. The petrography of 
the Chouf Sandstone exposed at the surface suggests a 
potentially moderate to good reservoir in the subsurface 
as well. U-Pb detrital zircon geochronology of eight 
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Chouf rock samples collected in NW Lebanon confirms 
this interpretation in agreement with earlier findings on 
age equivalent sandstones, some 400 km to the south. 
The good reservoir potential of these regional Neocomian 
to Barremian sandstones is mostly due to their recycled 
nature from quartz-rich Cambrian-Ordovician sandstones. 
Age-equivalent sandstones are proven reservoirs in the 
broader region, therefore the Chouf play could be a viable 
petroleum exploration target in both offshore and onshore 
Lebanon. 


2.1 Introduction 

Unlike other segments of the Eastern Mediterranean, off- 
shore Lebanon remains undrilled to date even though aca- 
demic and petroleum exploration industry efforts targeting 
the deepwater basin have been intensified during the last few 
years (e.g. Nader 2011; Hawie et al. 2013; Bou Daher et al. 
2016; Ghalayini et al. 2018). 

The area of study described in this paper is located in the 
northern part of onshore Lebanon between Beirut and Tri- 
poli (Fig. 2.1). The main goals of this work were (a) to better 
define the potential petroleum reservoir character of the 
Lower Cretaceous siliciclastic sequence outcropping in 
Lebanon, (b) to better understand the regional provenance of 
the very distinct Chouf Sandstone Formation in relation to 
its correlative formations in the adjacent regions of Syria, 
Jordan and Israel/Palestine and (c) to further contribute to 
the existing geodynamic models suggesting a period of 
rifting for the origin of these regionally widespread 
sandstones. 

The siliciclastic Chouf Formation, earlier regarded as 
Neocomian (e.g. Walley 1983) but now considered as Bar- 
remian (Granier et al. 2015, 2016), 1s one of the most dis- 
tinctive geologic units in Lebanon sandwiched between the 
dominantly carbonate successions of the Mesozoic 
(Fig. 2.2). Early geologic mapping efforts (e.g. Heybroek 
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Fig. 2.1 Geologic map of 
Lebanon compiled from 
1:200,000 scale geologic maps N 
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and Dubertret 1945; Dubertet 1963, 1966) established its 
dominant lithologic composition as a fluvial, limnic, estu- 
arine and deltaic sedimentary succession corresponding to 
gradual subsidence in this part of the Levant during Valan- 
ginian to Barremian times (Fig. 2.2). 

Age-equivalent Lower Cretaceous sandstones are proven 
reservoirs in offshore Egypt, north of the Sinai (e.g. Yousef 
et al. 2010) and onshore Israel (e.g. Gardosh et al. 2011). 
Whereas there are some wells which penetrated the Chouf 
onshore Lebanon (Beydoun 1977a, 1981) the potential pet- 
roleum reservoir characteristics of this formation have not 
been studied in detail, even though the Chouf sequence 
clearly extends into offshore Lebanon where it could be 
considered as an exploration target (Nader 2011; Ghalayini 
et al. 2018). Therefore our work has been specifically 
focusing on the petrography and the provenance of the 
Chouf Sandstone. 

In addition to confirming the reservoir porosity and per- 
meability values reported from the Helez Field in Israel 
(Gilboa et al. 1990) using samples collected on the surface in 
Lebanon, heavy mineral analysis has also been conducted. 
This work was done to assess the degree of recycling and 
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preservation of heavy minerals from a pre-existing sandstone 
succession as the source. Additionally, for the very first time 
in Lebanon, U-Pb dating of detrital zircons was done to test 
the provenance hypotheses outlined for age-equivalent 
sandstone units in Israel/Palestine and Jordan (Kolodner 
et al. 2009). 

Lateral thickness variations within the Chouf Sandstone 
(ranging between 0 and 700 m) were already noticed by 
Heybroek (1942), Dubertret (1955) which could be best 
interpreted in terms syn-depositional extensional grabens. If 
correct, the Chouf Formation, with its fluvial, deltaic to neritic 
sandstones, appears to be a syn-rift unit, as proposed by some 
(e.g. Homberg et al. 2010; Hatzenbichler et al. 2013). Based on 
field observations, similar thickness variations 1n the under- 
lying Upper Jurassic formations have already been interpreted 
as the result of syn-rift normal faulting (Collin et al. 2010). Due 
to the lack of sufficient subsurface well data (Beydoun 19772, 
b, 1981) and the availability of only a few reflection seismic 
profiles onshore Lebanon (Nader et al. 2016), we used a 
combination of field and remote sensing data to construct an 
isopach map. To explain the observed map-view variations 
in the Chouf thickness, we built on the microtectonic 
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measurements of Homberg et al. (2010) and assumed 
WNW-ESE trending, individual Early Cretaceous sub-basins 
during the deposition of the Chouf Sandstone. If our specu- 
lative map pattern of fault-controlled extensional mini-basins 
can be extrapolated into the nearby area of offshore Lebanon, 
some prospective targets of thick Chouf Sandstone reservoirs 
might be expected. 

Finally, we propose a model of a low-strain, wide-rift 
style extensional episode for central and northern Lebanon 
during the Early Cretaceous which superimposed perpen- 
dicularly on the pre-existing NNE-SSW trending margin of 
the Levant Basin. 


2.2 Data Base and Methods Used in This 
Study 


One of the main sources for the geologic data in this study is 
the outcrop rock samples we have collected during two 
geologic field work campaigns in 2012 and 2013 in central 
and northern Lebanon. Specifically to the Chouf Sandstone 
Formation, it was sampled in seven locations and numerous 
outcrops have been sampled (Fig. 2.1). These NNE-SSW 
trending outcrop belts along the flank of large antiforms are 
pre-determined by the post-Neocomian development of the 
region, but most importantly by the Miocene to Recent 
updoming and erosion (Fig. 2.3) due to the sinistral trans- 
pression along the Yammotüneh Fault Zone as the northerly 
continuation of the Levant (or Dead Sea) fault system (e.g. 
Walley 1988; Dàeron 2007). 

The petrography and mineral composition of the Chouf 
rock samples were studied in detail by Bauer (2014) by thin 
section, X-ray diffraction (XRD) and heavy mineral analysis. 
In addition, U-Pb detrital zircon geochronology of eight 
Chouf Sandstone samples was completed by two different 
laboratories: at the University of Toronto and at the 
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University of Arizona. The standard methods of laser abla- 
tion and inductively coupled plasma mass spectrometry 
(LA-ICP-MS) U-Pb detrital zircon geochronology were 
followed in both laboratories (cf. Vermeesch 2004; Gehrels 
and Pecha 2014). See Supplementary Material for details 
about laboratory protocols. In Toronto, a combined 105 
single grain analyses were performed from seven samples 
due to the small sample size and relative yields of zircon 
from each rock. In Arizona, a 103 single grain analysis was 
performed on one tuffitic Chouf Sandstone sample which 
provided sufficient numbers of zircons. The results reported 
are <10% discordant. Imaging of the zircons was conducted 
via scanning electron microscopy back-scatter emission and 
cathodoluminescence methods. 

In order to test the syn-rift nature of the Chouf Sandstone, 
modern high-resolution QuickBird Digital Elevation Model 
(DEM) satellite data sets (with 0.75 m horizontal and 4 m 
vertical resolution) were used to derive thickness data points 
for the Chouf Sandstone in NW Lebanon (Hatzenbichler 
et al. 2013; Asmar et al. 2013). One important reason to use 
high-resolution satellite data for onshore Lebanon is the 
general lack of structural measurements, such as dip/strike, 
on the existing 1:50,000 and 1:200,000 scale vintage geo- 
logic maps (Dubertret 1955, 1966). In lieu of these basic 
data, the “Three-Point Method” was applied. The workflow 
of this method is based on the selection of three points 
representing the three corners of a triangle placed on the 
same common geologic surface, such as a marker bed. The 
dip/strike measurements were carried out using ArcGIS 
analysing Quickbird satellite images and DEM data. To 
solve the three-point problem the two of the three corner 
points of the selected triangle with the biggest difference in 
elevation are connected to form a dip line. The location of 
the third point is interpolated onto the dip line by solely 
using the point’s elevation. Connecting this interpolated 
point with the third point then provides the strike line. The 
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loosely constrained by zircon (U-Th)/He cooling ages (Asmar et al. 
2014a) suggesting that Lower Cretaceous clastics were never buried 
sufficiently deep enough to reset the helium systematics 
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dip value is derived by measuring the perpendicular distance 
between the strike line and the lowermost point. The method 
was streamlined by using a MatLab platform and exporting 
the results into an ArcGIS toolbox (Asmar et al. 2014a, b). 

In the case of the Chouf Sandstone bedding surfaces were 
used. The identification of the bedding planes is not as easy 
in sandstones as in carbonate sequences as they are more 
prone to erosion and do not always form hogbacks (cuestas). 
Using this method, it was not only possible to determine the 
dip/strike values remotely, but also the true stratigraphic 
thickness of the Chouf Sandstone was derived in 47 loca- 
tions in northern and central Lebanon (Table 2.1). It is to be 
noted, however, that after ground truthing the results in a 
few selected places in the study area, the error bars of the 
remote sensing measurements was established, i.e. up to 29? 
for the dip direction and up 25? for the dip angle values 
(Bauer 2014). 


2.3 Stratigraphy and Structure of Lebanon 


The stratigraphic column of onshore Lebanon (Fig. 2.2) is 
primarily based on a compilation of geological outcrops 
throughout the country (e.g. Dubertret 1955, 1975; Beydoun 
1975; Walley 1998). The combined thickness of the exposed 
post-Triassic strata is approximately 6.5 km, however, this 
maximum thickness is not likely to be present in any one 
location. The majority of the original field work was com- 
pleted by Dubertret and his group of co-workers between 
1929-1961 who managed to map the Lebanese geology and 
largely defined its stratigraphy. However, due to lateral 
facies changes the stratigraphic nomenclature varies across 
his 1:50,000 and 1:200,000 scale geological map sheets. 

The exposed stratigraphic column of onshore Lebanon 
can be largely divided into three sequences: Jurassic, Cre- 
taceous to Eocene and Miocene to Quaternary. The entire 
Jurassic, the middle part of the Cretaceous and the Middle 
Miocene are dominated by neritic carbonate successions, 
whereas in the Upper Cretaceous and the Lower Paleogene 
chalk is the most common lithology (Fig. 2.2). In onshore 
Lebanon it is only the Lower Cretaceous sequence which 15 
dominated by siliciclastics. The three clastic formations in 
this sequence, the Salima, Chouf and Abieh formations, will 
be reviewed in details in the next chapter. 

Many aspects of the structural evolution of Lebanon 
remain relatively poorly constrained. Interpretation of the 
geological structures of Lebanon within a coherent 
structural-tectonic scheme was offered by Quennel (1984), 
Butler et al. (1998), Walley (1998, 2001), Homberg et al. 
(2009, 2010) and Nader (2011, 2014). 
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For example, the growth history of the large onshore 
Lebanese anticlines (Fig. 2.3) is still controversial. Whereas 
similar large features can be dated using the recently 
acquired speculative 2D and 3D reflection seismic data off- 
shore (e.g. Ghalayini et al. 2014), the age of the major 
folding episode(s) onshore remains questionable as the 
Cenozoic and Upper Cretaceous cover has been eroded due 
to the neotectonic uplift (Figs. 2.1 and 2.3). Regardless, the 
age of folding episodes are thought to be either Late Cre- 
taceous and Eocene (Walley 1998), Early and Late Miocene 
(Homberg et al. 2009, 2010), pre-Messinian (Butler 1998) or 
even Pliocene (Quennel 1984). 

An examination of the tectonic structures and mechanical 
analysis of the meso-scale brittle deformation (Homberg et al. 
2010) indicate that Lebanon has experienced four major 
tectonic events since the Late Mesozoic. The first was an 
Early Cretaceous extensional phase oriented N-S to 
NNE-SSW. It produced WSW-ENE to WNW-ESE normal 
faults with offsets up to several hundreds of metres and led to 
the development of an approximately WNW-ESE-trending 
basin system. For our present study of the Neocomian Chouf 
Sandstone Formation, this is the critical structural period. 

A second extensional period occurred during Eocene time 
and persisted perhaps until the Oligocene. The Early Neogene 
period marked a dramatic change in the structural evolution of 
Lebanon after which strike-slip and reverse faulting and folding 
dominated. During Early Miocene times, an E-W compres- 
sional period produced moderate folding and faulting. A sec- 
ond, but much more pronounced folding episode occurred 
during the Late Miocene time due to a NNW-SSE compres- 
sional event (Homberg et al. 2010). Obviously, from a hydro- 
carbon trap formation standpoint, this last deformational period 
is the most important one, both onshore and offshore Lebanon. 

It has been also suggested that the prominent fold trains 
in Lebanon, including the Quartaba Anticline (Fig. 2.3) are 
part of the Syrian Arc structures, which form an arcuate 
folded belt extending from the Western Desert of Egypt 
through Sinai into the Palmyride Basin of Syria (e.g. Chai- 
mov et al. 1992; Moustafa and Khalil 1995; Guiraud and 
Bosworth 1997; Walley 1998, 2001). 

The amount of eroded section above the large Syrian Arc 
anticlines (Fig. 2.3) is very important for hydrocarbon gen- 
eration modelling. Equally critical is the proper under- 
standing of the timing of the regional uplift and exhumation 
as its inception ended any hydrocarbon generation at depth. 
The charge timing risk may be quantified from the temporal 
overlap between the formation of the anticlines (as traps) and 
the regional uplift and erosion (cessation of charge). 
Whereas the timing is still a matter of debate, a preliminary 
zircon (U-Th)/He thermochronology study of the Chouf 
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Table 2.1 Coordinates of the points where the three-points method Table 2.1 (continued) 


was used to estimate the true stratigraphic thickness of the Chouf 


Formation. The thickness values are given in meters 


Thickness (m) 
769.50 
172.70 
195.00 
281.30 
120.00 
18.60 
32.00 
102.20 
83.30 
33.40 
32.20 
70.50 
52.50 
138.60 
41.20 
43.10 
16.70 
230.60 
31.00 
338.20 
110.00 
120.00 
105.00 
218.40 
193.70 
310.00 
190.00 
210.00 
260.00 
280.00 
430.30 
230.80 
383.00 
220.00 
533.00 
196.70 
84.00 
225.20 
443.30 
747.00 
368.60 
166.20 


Lat long (WGS84) 
33? 58' 30.037"N 
33? 50' 39.466"N 
339 42' 21.994"N 
33? 56' 32.172"N 
34? 17 3.652"N 
34? 16' 4.49"N 
34? |4' 38.245"N 
34? 13' 52.184"N 
34? 15' 14.502"N 
34? 15' 20.897"N 
34? 5' 21.857"N 
34? 17 8.036"N 
34? 0' 42.731"N 
34? 7' 12.416"N 
34? 9' 5.866"N 
34? 13' 14.881"N 
34? 13' 16.961"N 
34? 14” 40.845"N 
34? 12' 21.77"N 
34° 9" 42.698"N 
34° 5" 49.085"N 
34° 3' 42.935"N 
33° 59’ 21.002"N 
33° 54' 22.979"N 
33° 51’ 51.218"N 
33° 46” 19.248"N 
33° 44” 0.297"N 
33° 42' 17.662"N 
33° 46’ 12.391"N 
33° 51’ 59.526"N 
33° 517 7.056"N 
33° 517 3.474"N 
33° 50” 29.136"N 
33° 54” 16.52"N 
33° 57” 33.019"N 
34° 1' 34.571"N 
33? 58' 16.656"N 
339 57” 10.302"N 
339 55” 47.299"N 
33? 317 4.346"N 
33? 32' 29.304"N 
33? 35' 14.492"N 


35° 47" 17.179"E 
35° 46” 16.783"E 
35° 30” 7.026"E 
35° 50” 20.948"E 
35? 48” 14.04"Е 
35° 57 17.211"E 
35° 577 14.43 Г"Е 
36° 0” 25.654"E 
36° 0” 29.75"E 
35° 59' 1.163"E 
35° 45' 59.925"B 
35° 41' 36.618"E 
35° 41' 44.007"E 
35° 47' 14.148"E 
352 48' 23.792"E 
35° 50' 31.727"E 
35° 54' 20.603"E 
352 54' 36.722"E 
35? 56' 53.145"E 
35? 52' 13.795"E 
oy 32 322'E 
35° 50' 53.778"E 
35° 40' 3.99"E 
352 47' 36.029"E 
35? 49' 24.978"E 
35° 34' 45.3]"E 
352 33' 28.864"E 
352 32' 9.407" E 
352 38' 41.92"E 
35? 42' 15.209"E 
359417 14.759"E 
33° 35' 39.255" BE 
35° 37' 5.831"E 
352 43' 16.189"E 
35° 46' 47.883"Е 
352 46' 33.118"E 
35? 38' 50.386"E 
352 38' 17.67"E 
35? 36' 4.252"E 
35? 37' 22.099"E 
35? 37' 24.284"E 
352 38' 9.585"E 


(continued) 


Thickness (m) Lat long (WGS84) 


394.60 339 32' 0.435"N 35? 33' 6.333"E 
208.00 33° 38' 14.472"N 35° 39' 49.008"E 
105.00 339 39' 12.444"N 35? 40' 13.462"E 
59.50 33° 42' 11.718"N 35? 4]' 21.756"E 
660.00 33° 20' 33.743"N 35° 28' 35.26"E 


Sandstone provided Late Ordovician to Early Silurian ages, 
indicating that the Lower Cretaceous clastics were never 
been buried deep enough (i.e. 200 °C) to reset the helium 
systematics (Asmar et al. 2014a). 


2.4 Detailed Lithostratigraphic Description 
of the Immediate Pre- and Post-Chouf 
Formations 


Beneath the Lower Cretaceous Chouf Formation the 
Uppermost Jurassic stratigraphy has a threefold division 
(Fig. 2.2) in our study area in NW Lebanon (Fig. 2.4). The 
sequence is subdivided into a lower volcanic unit (Bhannés), 
a middle massively-bedded limestone unit (Bikfaya) and a 
thinly-bedded carbonate unit (Salima). In places it 1s evident 
that a pre-Chouf Sandstone extensional faulting and local- 
ized unconformities of Late Jurassic to Neocomian age has 
removed some of the upper beds (Collin et al. 2010). 

Dubertret's Salima Limestone (Dubertret 1955, 1975) is a 
very variable sequence of brown-yellow ferruginous oolitic 
limestones, often burrowed and cross-bedded, alternating 
with brown marls. The unit is thinly bedded (although some 
massive units occur, especially at the top) and therefore it 
tends to correlate with relatively recessive topography in the 
field. Thicknesses vary depending on the extent of the 
pre-Chouf Formation erosion, and range from a few metres 
to approximately 180 m at Salima, at the locus typicus. 
However, locally the Salima Formation can be totally absent. 
The Salima Formation is considered as Tithonian in age 
(Walley 1983, 1988, 1997) although its stratigraphic top 
may extend up into the Berriasian-Valanginian as it was 
proposed by some (Clark and Boudagher-Fadel 2001; Ferry 
et al. 2007; Granier et al. 2015, 2016). 

Besides the age of the Salima Formation, there are some 
uncertainities about the nature of the contact between the Sal- 
ima and the overlying Chouf Formation. In most places there is 
a unconformity and evidence for subaerial erosion (Fig. 2.5) 
before the deposition of the overlying Chouf Sandstone 
(Fig. 2.2). However, in the Metn and Kesrouane areas there 
could be a more subtle lithologic transition to the Chouf For- 
mation as the uppermost few metres of the Salima Formation is 
a quartz-rich ferruginous grainstone. This could represent a 
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phase of mixed carbonate and siliciclastic deposition in the area 
as the result of the overall end Jurassic regression. 

Our own analysis of the Salima Formation was based on 
an outcrop sample purposefully collected at the very top of 
the formation. Based on petrographic analysis, the sample 15 
a ferrigeneous dolomite with abundant clasts of iron 
oxide-rich concretions (Fig. 2.5b). The dolomite also con- 
tains iron oxide ooids апа irregularly distributed, 
poorly-sorted and very altered quartz grains. We interpreted 
this sample of the Salima Formation, containing also abun- 
dant volcanic fragments and chert, as corresponding to a 
weathering surface or a paleo-soil horizon. This isolated 
finding suggests the presence of an unconformity and a 
hiatus between the Salima and Chouf formations (see also 
Granier et al. 2015, 2016). 

On top of the Chouf Formation, there is no major 
unconformity (Fig. 2.2) at the base of the overlying Abeih 
Formation. The boundary is well defined, as the overlying 
Abeih Formation is abundant in oysters, dated as Barremian, 
and it also contains pisolites (Walley 1983). 

Recent work by Maksoud et al. (2014) and Granier et al. 
(2015, 2016) shows that the Abeih Formation is actually 
Aptian (Bedoulian) in age. Formerly the Couches a gas- 
tropoda, the Abeih Formation varies between fossiliferous 


Fig. 2.4 The geology of central 
part of NW Lebanon showing the 
location of the Chouf Sandstone 

outcrop samples analyzed in this 

study. For location see Fig. 2.1 


(1) ouTcROP SAMPLE 
|  ]QUATERNARY 


|__| PLIOCENE 
Е MIOCENE 
ІЧ Eocene 


(| CHEKKA FORMATION 
[77] MAAMELTAIN FM. 

ГТ sannine FM. 

BN] CRETACEOUS VOLCANICS 
INN HAMMANA FM. 

Э ABEIH-MDAIREJ FM. 

[ЕШШ CHOUF SANDSTONE FM. | 
ГГ KESROUANE FM. 
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limestones, marls and sandstones with a general upwards 
trend of terrigenous clastics passing into carbonates. Besides 
gastropods and bivalves, various orbitolinid foraminifers are 
present in the central Mount Lebanon area and some amber 
may also occur. In northern Lebanon, the Abeih Formation 
is a distinctive sequence of cross-bedded, ochre brown fer- 
ruginous sandy grainstones with green clays. The majority of 
the Abeih Formation facies in central Lebanon appears to be 
lagoonal, deltaic, estuarine and littoral, whereas in northern 
Lebanon the depositional environment appears to be shallow 
water within the storm dominated shelf. Occasional lime- 
stone beds seem to represent storm events leading to 
re-deposition of material in a shelf or lagoon setting. 
Locally, the Abeih Formation also contains basalts and 
pyroclastic material (Fig. 2.2). 

The thickness of the Abeih Formation is about 170 m in 
the Chouf area, but it is commonly less than half of this 
amount. In the Chouf region the base of the Abeih Forma- 
tion is widely represented by a pisolitic paleo-soil horizon. 
The top of the Abeih Formation is identified as the base of 
the massive cliff-forming limestones belonging to the 
Mdairej Formation. The age range of the formation was 
considered as Barremian to earliest Aptian (Fig. 2.2). 
Overall, the depositional environment of the Abeih 
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Fig. 2.5 a Outcrop photograph 
of the topmost part of the Salima 
Formation and 

b micro-photograph of the Salima 
Formation (Lat/Lon: 34? 07' 
12.00"N, 35? 46' 47.25"E). The 
dolomite with abundant clasts of 
iron-oxide rich concretions, partly 
also iron oxide ooids, irregulary 
distributed poorly sorted quartz 
grains, totally altered, weathered 
volcanic fragments and chert. 
These observations are intepreted 
in terms of a weathering surface 
and possibly even a paleosoil 
horizon 


Formation is transitional between the aeolian, fluvial, limnic 
Chouf and the overlying shallow marine Mdairej Formation. 


2.5 Chouf Sandstone Formation: Lithology, 
Sedimentology and Provenance 


The lowermost unit of the Cretaceous is the prominent 
sandstone traditionally known as the Grés de Base or “СІ? of 
the Dubertret map sheets (Dubertret 1955, 1966). The sur- 
face distribution of the Chouf follows the NNE-SSW 
trending outcrop belts along the flanks of major antiforms 
(Figs. 2.3 and 2.4). 

Besides overview papers describing the overall Mesozoic 
stratigraphy of onshore Lebanon (Dubertret 1955, 1975; 
Saint-Marc 1970, 1980; Beydoun 1977a, 1996; Walley 
1983, 1997; Nader 2011, 2014; Ghalayini et al. 2018), quite 
a few studies dealt with the Chouf Formation specifically, 
such as Ukla (1970), Tixier (1972), Bellos (2008) and 
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recently Bauer (2014). Lithologically, the formation is very 
heterogeneous, but it typically contains ferruginous brown, 
yellow to white sandstone, frequently cross-bedded, with 
interbedded clays, shales and lignites (Fig. 2.6). Basalts can 
also be found within the Chouf Sandstone Formation and 
also reddish or greenish blue clayey beds which are weath- 
ered volcanic tuffs or tuffits. The volcanics tend to occur at 
the base of the Chouf succession. Locally, woody or coaly 
fragments, often with pyrite, marcasite and occasionally 
amber can be found (Maksoud et al. 2017). A detailed 
sedimentological analysis of the Chouf Formation in the 
Jezzine region in southern Lebanon (Bellos 2008) identified 
six different lithofacies: arenites, muddy quartz-rich sand- 
stones, clayey-muddy quartz-rich sandstones, graywacke, 
clay and limestones. 

The age range of the Chouf Sandstone Formation 
(Fig. 2.2) remains poorly constrained (e.g. Walley 2001). 
However, regional lithologic equivalents of the Chouf 
Sandstone in Israel/Palestine (Cohen 1976; Shimron and 
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Fig. 2.6 Outcrop photograph of 
the Chouf Sandstone Formation at 
a temporary building site with 
sandstones inbedded with clays, 
shales and lignitic beds 

(34? 0'54.54"N; 35?45'33.62"E), 
Chris Walley is for scale 


е С 


4; 


A тере” ae, 
aL MEE 


Lang 1989; Kolodner et al. 2009), Jordan (Amireh 199], 
1992, 1994, 1997; Lüning et al. 2014), Syria (Ponikarov 
et al. 1969; Chaimov et al. 1992; Вагпег et al. 2014) and 
Egypt (Bachman et al. 2010) indicate that even if the initial 
deposition of the Chouf started during the Berriasian or 
Valanginian, most of the Chouf sequence is Barremian in 
age (Granier et al. 2015, 2016). The Chouf Sandstone is 
presumed to have been deposited under a fluvial, limnic to 
deltaic and littoral environment. In general, the formation 
appears to be fluvial at the base and in the east and deltaic at 


the top and in the west. Locally, even aeolian facies has been 
described (e.g. Bellos 2008). The Chouf Sandstone thins 
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northwards reflecting the fact that its clastic provenance area 
was located to the southeast, in the Arab-Nubian High region 
of the Arabian Plate. 

In this study we have sampled the Chouf Sandstone at 
seven locations (Table 2.2) in central Lebanon (Fig. 2.4). As 
the Chouf Sandstone is almost the only prominent silici- 
clastic unit in Lebanon, it is heavily utilized for building 
sand and therefore many of our samples were collected in 
quarries (Fig. 2.7a). With a potential petroleum reservoir in 
mind, we purposefully sampled the sandstone units within 
the Chouf Formation and avoided the other lithologies 
within the succession. Petrographic and XRD analyses 
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Table 2.2 Coordinates of the 


| | Sample Stop 

Chouf Formation samples in NW 

Lebanon 1 52/01 
2 54/02 
3 57/04 
4 514/05 
5 518/06 
6 523/07 
7 526/08 

Fig. 2.7 a Outcrop photograph | 

of the Chouf Sandstone | (a); 


Formation with thick 
cross-bedded massive sandstone 
beds (Lat/Lon: 34? 01' 14.61"N, 
35? 45' 55.20"E) and 

b thin-section photo of the Chouf 
from the same outcrop. Note the 
dominance and rounded nature of 
quartz grains in this mature quartz 
arenite. The quartz grains are well 
sorted, weakly cemented by 
ferruginuos clay minerals and 
minor quartz cement. This 
sandstone would be a good 
reservoir rock with its 24% 
thin-section porosity 


showed that the Chouf Sandstone is weakly cemented by 
ferruginous clay minerals and 90-95% of the composition is 
mono-crystalline quartz indicating clean, well-sorted sand- 
stone (Figs. 2.7b and 2.8а). Poly-crystalline quartz, feldspar, 
and clay clasts are present only in all samples. The cement is 
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Lat long degrees (WGS84) 

33? 56' 50.16"N 35? 38' 10.39"E 
34? 17 14.45"N 35? 45' 56.16"E 
34? 3' 27.45"N 35? 49' 20.39"E 
34? 7' 33.14"N 35? 47” 40.65"E 
34? 7 39.20"N 35? 50' 47.69"E 
34? 11' 20.61"N 35° 259 59.53"E 
34? 13' 20.01"N 35? 55' 55.90"E 





quartz and ferruginous clay coating the mineral rims 
(Fig. 2.7b). The average porosity of the sandstone samples 
based on thin section analysis was around 24%. 

As to the heavy mineral composition of the Chouf 
Sandstone, all samples showed very similar results (Bauer 
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Fig. 2.8 a Petrographical 
composition of Chouf Sandstone 
(Lat/Lon: 34? 01' 14.61"N, 35? 
45' 55.20"E). The porosity based 
on the thin section is estimated as 
2496, b heavy mineral spectra 
from five Chouf field samples. 
Adapted from Bauer (2014) 
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Fig. 2.9 Photograph of the 
Chouf sandstone facies overlying 
weathered volcanic units which 
might be equivalent to the Tayasir 
volcanics in the southern Levant 
(Lat/Lon: 34? 16' 05.53"N, 35? 
57' 09.74"E) 


2014). Tourmaline and zircon dominated all the samples 
with 40-50% and 30-50%, respectively (Fig. 2.8b). Rutile 
was also found in every sample, in the range of 10-20%. 
Monazite was identified in small amounts (1-2%) in the 
southern samples (Fig. 2.4). Minor amounts of titanite and 
garnet were also present. Interestingly, apatite was not found 
in the heavy mineral spectrum at all which likely points to 
the strongly recycled nature of these sandstones. 

Extrusive volcanic sequences can be found within the 
Chouf Formation especially around its base (Fig. 2.9). Since 
most of these volcanics seem to be quite weathered we have 
not attempted to date them via ^ Ar/?Ar or K-Ar methods 
as Segev (2009) did in northern Israel on the Tayasir vol- 
canics (Valaniginian to Hauterivian). Instead, we have 
selected an intra-Chouf bluish green clayey unit which 
appeared to be a tuffitic bed (Fig. 2.10a) in order to possibly 
provide a datable volcanic marker horizon. Based on the thin 
section analysis of this sample (Fig. 2.10b), it turned out to 
be a glauconitic, sandy limestone/dolomite. The subtle 
stratification and the mixture of elements in a very mature 
sandstone (well-rounded metamorphic quartz, rutile and 
frequent bone fragments), with the subsequent dolomitiza- 
tion of the entire rock, is interpreted as a tuffit deposited in a 
subaqueous setting. The presence of glauconite suggests a 
shallow water environment. As some of the zircons were 
observed as inclusions in quartz grains of probably volcanic 
origin, U-Pb dates from these zircons (Fig. 2.11) could 
potentially provide the age of the Early Cretaceous 
volcanism. 
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2.06 Geochronological Data from the Chouf 
Formation 


For the first time іп Lebanon, LA-ICP-MS U-Pb 
geochronology was performed on zircons extracted from 
eight Chouf Sandstone samples from seven outcrop locations 
(Fig. 2.4). These detrital zircon results are shown here in two 
groups corresponding to the measurements made at the 
University of Toronto (Table 2.3) and at the University of 
Arizona (Table 2.4), respectively (Figs. 2.12, 2.13 and 2.14 
and Supplementary Material). The results are statistically 
identical given the sample details, i.e. 105 zircons from seven 
locations combined (Figs. 2.12 and 2.13a) and 103 zircons 
from one location (Fig. 2.13b). With the exception of a few 
Archean outliers, the U—Pb ages fall into three broad popu- 
lations: (1) a few small Paleoproterozoic populations (1600— 
2600 Ma), (п) а Neoproterozoic Grenvillian population 
(750-1000 Ма), and (iii) а Pan-African population (575- 
650 Ma). Only one single zircon is slightly younger then the 
Pan-African population, yielding a ^?"9Pb/^*U аре of 
49] + 5 Ma (i.e. Late Cambrian). Typically, a conservative 
method for determining maximum depositional age deter- 
minations (MDA; Dickinson and Gehrels 2009) involves 
calculating the youngest mode of ages, containing three or 
more U-Pb age determinations within 2 S.E. analytical error. 
However, in our study the single and isolated age of ca. 
490 Ma is interpreted as the age of primary deposition in an 
Early Paleozoic (Cambrian to Ordovician) basin. These 
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Fig. 2.10 a Prominent 
bluish-green tuffit bed within the 
Chouf Formation, off-set by a 
circa 10 meters normal fault 
(Lat/Lon: 34? 3' 27.45"N, 35?49' 
20.39"E), b micro-photograph of 
Chouf Sandstone Formation from 
the tuffit and c the same with 
crossed Nicols 


detrital zircons were then redeposited into the ca. 120— 
135 Ma Chouf sands during the Early Cretaceous rifting in 
the area (e.g. Homberg et al. 2010). Unfortunately, with 
regard to the dating of the intra-Chouf tuffitic bed 
(Fig. 2.10a) and discovering volcanic zircons originating 
from the coeval magmatism in the broader area (Lang and 
Steinitz 1989; Abdel-Rahman 2002; Segev 2009), none of 
the 103 zircons analyzed provided an Early Cretaceous age 
(Fig. 2.13b). 

The detrital zircon spectra of the Lebanese Lower Cre- 
tacous samples can be compared to that of the age-equivalent 
unit in southern Israel (Fig. 2.15a) published by Kolodner 
et al. (2009). The match of these spectra (Fig. 2.14) is 
remarkable even though the locations of the corresponding 
samples are separated by 400 km in a N-S direction. 
Moreover, as already noted by Kolodner et al. (2009), the 
overall age signal in the Lower Cretaceous clastics is very 
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similar to the detrital zircon age spectra previously obtained 
from the Cambrian-Ordovician sections of Israel and Jordan 
(Kolodner et al. 2006). Thus, the most probable provenance 
of the Lower Cretaceous sandstones іп Lebanon, Jordan and 
Israel is a relatively proximal Palaeozoic, most probably 
Upper Cambrian to Ordovician sandstone succession 
exposed to the southeast. “Mass-produced” Cambro- 
Ordovician quartz-rich sandstones (Avigad et al. 2003, 
2005; Weissbrod 2005) are indeed very widespread in North 
Africa and NE Arabia as a consequence of the erosional 
weathering of very large Pan-African terranes after the ces- 
sation of the East African Orogeny. The post-orogenic 
"molasse"-type Cambro-Ordovician siliciclastics were sub- 
sequently recycled, perhaps repeatedly, in the following 400 
Myr until the Early Cretaceous (Kolodner et al. 2009), 
apparently with no major change in their provenance area 
in NE Arabia. A regional-scale Hercynian unconformity 
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Fig. 2.11 Zircon crystals 
separated from the tuffitic Chouf 
Formation shown on Fig. 
(63-125 um heavy mineral 
fraction). These zircons were 
dated by the U-Pb method (see 
Fig. )b) 





subcrop map (Wood ) also underlines the possible As a very important consequence for hydrocarbon explo- 
presence of Cambrian and Ordovician units at depth in our ration, this recycling process was largely responsible for the 
study area in NW Lebanon as the primary source of recycled overall good reservoir properties of the Chouf Sandstone and 
sandstones of the Chouf Formation (Fig. ). its age equivalent formations in the broader region. 
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Table 2.4 (continued) 


Apparent ages (Ma) 
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Fig. 2.12 Concordia diagram of U-Pb zircon ages of seven Chouf 
Sandstone samples (n: 105) showing data between 500 and 1100 Ma. 
For the location of the samples see Table 2.2 and Fig. 2.4 


2.7 The Isopach Map of the Chouf 
Formation: Is It the Chouf Formation 
a Syn-rift Unit? 


Several studies addressed the isopach variations of the Chouf 
Sandstone in Lebanon (Kanaan 1966; Ukla 1970; Walley 
1998). Onshore isopach maps proposed for the Chouf For- 
mation (supported by well data) reveal that this unit 15 absent 
in northern Lebanon (e.g. missing in the Terbol-1 well, 
Fig. 2.1) and the formation thickens southwards, towards 
central and southern Lebanon (Adloun-1 well: 170 m of 
carbonates, marls, silts and sandstones) reaching more than 
300 m measured in outcrops in the Jezzine area, about 
20 km south of Beirut (Dubertret 1975). This thickness 
variation has been attributed to a NW-SE Late Jurassic-Early 
Cretaceous extensional phase in the southern Palmyride 
Basin that extended into central and southern Lebanon 
(Robertson and Dixon 1984; Chaimov et al. 1992; Walley 
1998). 

The Early Cretaceous rifting phase in Lebanon, described 
by Homberg et al. (2009, 2010), started during the Valan- 
ginian and ended by the beginning of the Cenomanian. The 
normal faults corresponding to this extensional period have a 
typical strike direction between WNW-ESE to WSW-ENE 
with a mean dip of 60? (Fig. 2.1). At least one of these 
outcrop-scale normal faults offsetting Lower Cretaceous 
clastics was shown to have a syn-depositional growth fault 
character. On a larger scale, the map-view length of these 
faults ranges from several kilometers to several tens of 
kilometers with a corresponding offsets up to several hun- 
dred meters. The corresponding extensional stress field was 
directed NNE-SSW with minor local variations. Homberg 
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Fig. 2.13 Detrital zircon spectra of the Chouf Sandstone a taken from seven localities shown in Fig. 2.4, n: 105, and b taken from the tuffit 


sample shown in Fig. 2.10, n: 103. Data аге ^*U/796pp ages 


et al. (2009, 2010) also suggested that the thickness varia- 
tions in the Lower Cretaceous sedimentary sequences, 
reported by many, reflect deposition in fault-controlled 
grabens located within an overall WNW-ESE trending basin. 

During our field work in central and northern Lebanon we 
did find numerous brittle faults with WNW-ESE trends 
offsetting the Chouf Formation (e.g. Fig. 2.10a), but we 
could not find evidence for syn-depositional normal faults. 
Therefore, in order to test the syn-rift nature of the Chouf 


sandstone, we attempted to refine and quantify the isopach 
variations mentioned by many (e.g. Dubertret 1955) within 
the Lower Cretaceous sequence. Instead of detailed and 
time-consuming field work, burdened by some accessibility 
issues, we relied on remote sensing data sets, such as modern 
high-resolution satellite data sets (with — 0.75 m horizontal 
and 4 m vertical resolution) to derive true stratigraphic 
thickness data points, as described earlier, for the Chouf 
Sandstone in Lebanon (Table 2.1). 
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Fig. 2.14 Comparison of the combined Chouf Sandstone detrital 
Zircon spectrum (this work) with that of the age-equivalent unit in 
southern Israel (Kolodner et al. 2009). The match of these spectra is 
very good even though the locations of the corresponding samples are 


The challenge of compiling a reasonable isopach map, in 
the overall absence of subsurface data points, is that the 
Chouf outcrops are patchy and scattered (Fig. 2.1) due to the 
post-depositional erosion of large parts of this formation 
(Fig. 2.3). Therefore our hand-contouring of the Chouf 
isopach data points (Table 2.1) is admittedly a conceptual 
attempt only to show a speculative map-view pattern with 
several WNW-ESE trending half-grabens in our study area 
(Fig. 2.16). Whereas our input Chouf isopach data points 
may have a significant error, оп the order of 20-30% due to 
the uncertainities associated with use of the three-points 
method described earlier, the presence of a few mini-basins 
with relatively thick (300—700 m) sedimentary fill is clear. It 
is also to be noted that the separation of the lithologically 
somewhat similar Chouf and Abieh formations (Fig. 2.2) is 
obviously more problematic using remote sensing data than 
by direct observations on the field. 

Regardless, based on our data sets we see enough evi- 
dence in central and northern Lebanon to assume the 
deposition of the Chouf Sandstone in a “wide-rift” setting 
(sensu Buck 1991), whereas the low-strain extension was 
distributed across a few hundred kilometres-wide region 
with numerous fault-controlled mini-basins. In our opinion, 
the syn-rift basin fill character of the Chouf Sandstone 
Formation is a reasonable interpretation, in agreement with 
previous workers (Homberg et al. 2009, 2010; Hatzenbichler 
et al. 2013; Bauer 2014). We also assume that this wide rift 
basin complex extends farther to the west, towards offshore 
Lebanon, and also towards the east beneath the Bekaa Basin. 
This assumption has important implications for hydrocarbon 
exploration. 


about 400 km apart. Blue is the spectrum out of the seven samples 
(Fig. 2.13a), green is the spectrum from the tuffit sample (Fig. 2.13b) 
and red is the spectrum of detrital zircons from southern Israel. Data are 
238p /206pp ages 


2.8 The Chouf Petroleum Play and Its 
Regional Proven Analogues 


Given its near-surface presence, the Chouf Sandstone For- 
mation is not a viable reservoir target for most part of 
onshore Lebanon (Alsharhan and Nairn 1997; Renouard 
1955; Beydoun 1988; Beydoun and Dunnington 1975; 1981; 
Nader 2011; Nader and Swennen 2004; 2014; Ghalayini 
et al. 2018; Klitzch and Squyres 1990). However, this 
sequence is located at sufficient depth (21 km) near the 
coastline and beneath the Lebanese shelf and also beneath 
the Bekaa Plain (Nader et al. 2016). Moreover, there are 
useful and proven analogues for a Lower Cretaceous clastic 
play in Israel and Egypt which underline the potential of this 
particular play. 

The most relevant play analogue is the Helez Field in 
Israel (Shenhav 1971; Cohen 1976; Gilboa et al. 1990; 
Gardosh et al. 2006, 2011; Gardosh and Tannenbaum 2014). 
The Helez Field, a complex of three fields: Helez, Brur and 
Kokhav, 1s located some 55 km south of Tel Aviv and it was 
discovered in 1955. 

The field complex has a combination trap with structural 
and stratigraphic elements along а NNE-SSW trending 
structure down a hinge zone (or “shelf break" of Garfunkel and 
Derin 1983). Landward from the hinge zone, Lower Creta- 
ceous platform sediments were deposited over a gently 
inclined Jurassic erosional surface, whereas a deeper water 
shaly facies was formed on the basinward-side. The gross 
reservoir succession of the Valanginian to Barremian Helez 
Formation has been subdivided into several members with 
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Fig. 2.15 Regional-scale subcrop map of the Hercynian unconformity highlighting the presence of Cambrian and Ordovician units in our study 
area in Lebanon as the primary source of recycled sandstones of the Chouf Formation. Modified after Reches et al. (1981) and Wood (2015) 


well-correlatable sandstone, dolomite and shale lithologic 
units. The various members within the very heterogeneous 
Helez Formation provide very poor to good reservoirs with a 
relatively small net-to-gross reservoir ratio. Shenhav (1971) 
and Gilboa et al. (1990) reported three main Helez sandstone 
types, corresponding to (a) open marine, (b) coastal/estuarine 
and (c) aeolian depositional environments, with average 
porosity and permeability values ranging between 16-32% 
and 30—200 md, respectively. As to the source of oil in the 
Helez Field, the Middle Jurassic open-marine spiculitic Bar- 
nea Limestone was identified by Bein and Sofer (1987) sug- 
gesting that the hydrocarbon-generating kitchen for the oil 
accumulation was located basinward at 4500—5000 m depth. 


Similar Jurassic units were found onshore Lebanon and ana- 
lyzed by Bou Daher et al. (2016) and Barabasch et al. (2018). 

A somewhat less relevant play analogue is provided by 
the oil discovery of the Mango-1 well, in easternmost off- 
shore Egypt (Yousef et al. 2010; EGAS 2012). The Mango-1 
well was drilled in 1985 and tested/flowed light oil at a rate 
of 10,000 BOPD and 4.5 MMSCFG/d from Lower Creta- 
ceous sandstones (EGAS 2012). A 332 m gross sandstone 
sequence, with seven reservoir quality sandstone bodies 
(with average porosities of 16-26%) have been drilled in the 
well. T'wo sand bodies have been found to be oil-bearing and 
were tested at the rate of 10,000 BOPD and 4.5 MMSCFG/d. 
As to the play analogy, even though the tested oil-bearing 
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Fig. 2.16 Conceptual 
interpretation of the Chouf 
isopach data points, assuming that 
WNW-ESE trending normal 
faults (Homberg et al. 2009, 
2010) are responsible for the 
pronounced lateral thickness 
changes. The Chouf isopach 
values shown in metres were 
derived by remote sensing 
methods, see text. Note the 
speculative nature of the map as 
most of the Chouf sequence has 
been eroded away in the central 
part of the study area as the 
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background geologic map shows 
(cf. Fig. 2.4). The same map-view 
faulting pattern, however, could 
be expected in offshore Lebanon 
to the west and also beneath the 
Bekaa Plain to the east (Fig. 2.1) 


sandstones were Lower Cretaceous, they were younger than 
the Chouf Sandstone, i.e. Aptian-Albian in age. Moreover, 
the Mango sandstones were deposited in deep water 
sub-marine fan delta and channelized system that have been 
deposited in an outer shale slope environment (EGAS 2012). 

The reservoir of the Chouf play offshore Lebanon is the 
Chouf Sandstone Formation, the main focus of the present 
paper. The Chouf is a very heterogeneous succession with 
some non-reservoir facies lithologies such as claystones and 
shales (e.g. Figure 2.5). However, the sandstone units of the 
Chouf Formation have moderate to good reservoir properties 
(Fig. 2.7b), similarly to the age equivalent Helez Formation 
discussed above (Gilboa et al. 1990). 

The most obvious source for this play is the sequence of 
Jurassic carbonates which should, given their more basin- 
ward position, have higher TOCs offshore than onshore 
(Ghalayini et al. 2018). Deeper source intervals, like the 
Triassic Amanus Shale could also contribute. The hydro- 
carbons then would have migrated up-dip from a kitchen area 
which is located in the present-day deepwater basin, using 
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unconformity surfaces, like the top Jurassic one, and fault 
conduits. The traps are likely to be associated extensional 
rotated fault blocks along the hinge zone of the deepwater 
basin margin (Nader 2011, 2014). Besides structural trap- 
ping, stratigraphic trapping mechanisms could also be con- 
sidered. Ghalayini et al. (2018) showed a potential example 
of this where a potential flat-spot was observed on seismic 
data within an assumed Lower Cretaceous clastic wedge 
offshore Lebanon. Whereas stratigraphic traps have a riskier 
exploration profile, the advantage of these clastic wedges 
with an up-dip pinch-out is that they likely extend along the 
entire margin offshore Lebanon (Ghalayini et al. 2018). 
Finally, the immediate top seal for an intra-Chouf reservoir is 
provided by the impermeable argillaceous limestone and 
shale units of the overlying Abeih Formation (Fig. 2.2). 

A drawback of the Chouf play in offshore Lebanon 15 that 
it can be chased only in a relatively narrow (20-40 km wide) 
fairway along the margin (Fig. 2.1) as its reservoir target is 
located beyond economically drillable depth basinward 
С> 6-7 km). 
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2.9 Geodynamic Context of the Syn-rift 
Lower Cretaceous Clastics in the Broader 
Region 


To better understand the broader context of the wide-rift 
style Neocomian to Barremian extension we have described 
in NW Lebanon, two other topics are considered here: 
(a) volcanism and (b) regional-scale structural evolution 
during the Lower Cretaceous. 

Laws and Wilson (1997) provided an overview about the 
Early Triassic-Cretaceous rifting and magmatism along the 
western edge of the Arabian Peninsula from Egypt in the 
south to Syria in the north. Specifically, the Late 
Jurassic-Early Cretaceous volcanism throughout the Levant 
region is clearly rift-related according to most authors (e.g. 
Shimron and Lang 1989; Mouty et al. 1992; Laws and 
Wilson 1997; Abdel-Rahman 2002; Segev 2009) based on 
their geochemical signature such as major and trace element 
(including rare earth element) and Sr-Nd isotopic compo- 
sitions. This observation also supports the syn-rift scenario 
proposed for the Chouf Sandstone. 

The timing and kinematics of the opening of the offshore 
Levant Basin are long debated topics. A WNW-ESE direc- 
tion of opening during the Triassic and Jurassic was pro- 
posed by many (e.g. Garfunkel and Derin 1983; Robertson 
1998; Walley 1998; Ben-Avraham et al. 2002; Gardosh et al. 
2010). This model is primarily based on the NNE-SSW 
trending structural fabric of pre-Late Permian, Early to 
Middle Triassic, and Early to Middle Jurassic grabens 
onshore and offshore in the Levant (e.g. Roberts and Peace 
2007; Gardosh et al. 2006, 2010, 2011). Recent crustal-scale 
and basin modelling studies of the northern Levant Basin 
also assumed a Triassic to Early Jurassic rifting period (Inati 
et al. 2016, 2018; Barabasch et al. 2018). 

Importantly, there are no well penetrations of the critical 
Cretaceous, Jurassic to Triassic sequences in the deepwater 
part of the entire Levant Basin to date, which would confirm 
the inferred age of the syn-tectonic basin fill. Therefore, the 
timing of the opening of the offshore Levant Basin remains 
enigmatic and the lack of well-control leaves room for 
alternative models. Segev et al. (2018) proposed a very dif- 
ferent opening model where the Levant Basin opened during 
the Cretaceous, roughly 100 Myr later than the prevailing 
models favoured so far. The corresponding drastic change in 
the thermal evolution of the entire offshore Levant Basin, 
however, has not been addressed so far by these authors. 

Regardless of the age, the dominant NNE-SSW trending 
structural fabric of the offshore Levant is perpendicular to 
the Early Cretaceous WNW-ESE trending meso-scale faults 
documented by Homberg et al. (2009, 2010) or the similarly 
trending syn-depositional grabens during the Late Jurassic 
(i.e. Kimmeridgian, Collin et al. 2010) documented onshore 
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Lebanon. The markedly different orientations of the pre- 
vailing extensional stress fields require a geodynamic sce- 
nario involving the entire Levant region. 

The two contrasting models of the timing of the Levant 
Basin opening put the Early Cretaceous low-strain exten- 
sional period during the deposition of the Chouf Formation 
into two very different geodynamic contexts. If the Levant 
basin opened as an oceanic basin by Middle Jurassic times 
(e.g. Garfunkel and Derin 1983), then the Early Cretaceous 
extensional period was just a superimposed rifting attempt. 

Alternatively, if the Levant Basin opened as an oceanic 
domain during the Late Cretaceous (Segev et al. 2018), then 
the Valanginian to Barremian extensional period in our 
study area in NW Lebanon was the initial wide-rift style 
period before the Aptian-Albian break-up of the margin with 
the subsequent seafloor spreading during Ше 
Cenomanian-Turonian. In our view, this scenario is at odds 
with recent modelling work done for the northern Levant 
Basin (Inati et al. 2016, 2018; Barabasch et al. 2018). 

We also note another challenge for putting the exten- 
sional basin system responsible for the deposition of the 
Chouf sequence in a clear geodynamic context. Whereas we 
described a WNW-ESE trending basin system earlier 
(Fig. 2.16), regional isopach maps of the Chouf Formation 
either define a N-S trend (e.g. Kanaan 1966; Ukla 1970) ora 
NE-SW trend (e.g. Wood 2001; Hawie et al. 2013). There- 
fore there is a discrepancy between the regional-scale iso- 
pach patterns versus the WNW-ESE to WSW-ENE trending 
fault pattern Homberg et al. (2009, 2010) described in NW 
Lebanon. 

We suggest that there might be several reasons for this 
apparent discrepancy: (a) the regional isopach maps are still 
poorly constrained with sufficient amount of subsurface data; 
(b) there is no clear subdivision and precise stratigraphic 
correlation of the Lower Cretaceous formations across the 
country borders in the region and (c) the pre-existing Pal- 
myra basin system (e.g. Ghalayini et al. 2017) might have 
also had an influence on the source-to-sink depositional 
patterns. Clearly, more work needs to be done in order to 
define the regional extent of the Valanginian to Barremian 
(but not Aptian-Albian!) wide-rift style basin system we 
have interpreted in NW Lebanon. 


2.10 Conclusions 


We propose a model of a wide-rift style extensional episode 
for northern Lebanon during the Early Cretaceous (Valan- 
ginian to Barremian), which provided the accommodation 
space for the deposition of the Chouf Sandstone Formation. 
We speculate that the laterally frequently changing isopach 
pattern and the lithologically very heterogeneous nature of 
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the Chouf is the result of deposition in syn-sedimentary 
half-grabens trending perpendicular to the Levant margin. 

Based on U-Pb zircon geochronology, the Chouf has an 
identical detrital zircon spectrum compared to the age 
equivalent siliciclastics in southern Israel, some 400 km to 
the south. This spectrum and the petrography of the Chouf 
suggest its recycling from Cambrian to Ordovician 
quartz-rich sandstones. 

Despite the significant amount of non-reservoir lithofa- 
cies within the Chouf Formation such as shales, lignites, 
volcanics, etc., its sandstone units have the clear potential to 
be moderate to good reservoirs in a petroleum systems 
context. There are also proven reservoir analogues in the 
broader Levant for what we term the Chouf play in Lebanon. 
This play remains untested in offshore Lebanon. 
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Abstract 

The recent discoveries of commercial gas fields in the 
Miocene sandstones structural/stratigraphic traps along 
the southern sector of the Levant Basin drove the interest 
of the industrial and scientific community. For that, basin 
tectonic structuring and seismic sequence stratigraphy 
study of Oligo-Miocene Siliciclastic deposits interval 
horizons have been undertaken to follow and precise 
stratigraphic traps. This work based on the analysis and 
interpretations of new regional E-W and N-S 2D seismic 
lines calibrated to wells data and lithostratigraphic 
outcrops had highlighted the basin configuration and 
sequence deposits infill nature and distribution of 
Oligocene and Miocene lowstand Siliciclastic reservoirs 
around the north Levant basin. Oligo-Miocene infilling 
horizons of the basin is controlled by deep-seated 
inherited and reactivated faults mainly oriented 
WNW-ESE and NE-SW. Based on their ages and seismic 
sequence stratigraphy concepts, they are interpreted as 
organized in 365 order sequences composed by 5 
Oligocene, 4 Lower Miocene, and 5 to 7 Middle-Upper 
Miocene third order seismic sequences system tracts. 
Early lowstand horizons are interpreted as presenting a 
downlap prograding sigmoid, oblique and mounded slope 
fans system tracts and basin floor mounds of large 
turbidites sheets and lobes overlain by late lowstand 
incised channels, canyons and levees and transgressive 
onlaps and toplaps. These system tracts are deformed and 
structured by Tertiary faults and Anticlines and synclines 
folds. Reservoir fair maps domains of the different 
lowstand system tracts highlight three main depositional 
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sectors: slope, toe of slope and basin floor. They are 
vertically and laterally superposed and shifted. These 
clastic deposits present progradational configurations of 
slope fans as well as sheeted configurations channels, 
canyons and levees and basin floor lobes. The docu- 
mented analogues in the Lebanon, Cyprus and Palestine 
continental coast outcrops are reported as deposits of 
gravity slides and slumps, turbidites, debris flows, mass 
flows, sandstones, and conglomerates alternated by 
hemipelagic marls. Hydrocarbon structural and strati- 
graphic trap types are discussed according the highlighted 
reservoir sequence structuring апа system tract 
distribution. 


3.1 Introduction 

The northern Levant basin in eastern Mediterranean sea in 
the lebanon-Syrean-Cyprus offshore (Fig. 3.1) is essentially 
an exploration frontier zone that has been known during 
recent last years by hydrocarbon Gas discoveries in its 
southern part in Nile Delta in Egypt, and the near offshore 
areas of Palestine (Roberts and David 2007; Nader 2011; 
Plummer et al. 2013). 

The Neogene plays are represented by Miocene sand- 
stones turbidites as it was discovered firstly in Dalit 1 and 
Tamar 1 (Gardosh et al. 2008), succeeded by Leviathan 1 
with gross mean reserves of 16 TCF of biogenic gas and 
Aphrodite 1 discoveries. The source rocks are assured by 
Jurassic, Cretaceous and Tertiary hemipelagic rich organic 
marls and mud (Roberts and David 2007; Nader 2011; 
Plummer et al. 2013). Thermogenic source rocks are still to 
be proven in the basin (Figs. 3.2 and 3.3). 

Seismic profiles has shown a gas chimney features from 
Tertiary horizons as well as a Mesozoic Reef build ups 
(Roberts and David 2007). 

Despite the hydrocarbon potential of Oligocene sandstone 
reservoirs, they are not yet studied and explored. In addition 
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Fig. 3.1 Location map of study 
area and seismic lines of 

Fig. 3.11, showing the major 
structural elements bounding the 
Levant basin. The major gas 
fields are colored in red (in Hawie 
2013) 
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to the Neogene play, several gas and oil accumulations are 
present in the area as well as in Mesozoic as Cenozoic 
carbonate and sandstones reservoirs (Figs. 3.2 and 3.3). 

Studies of structural and lithostratigraphic Mesozoic and 
Cenozoic deposits has been extensively documented in 
surrounding continental outcrops of Lebanon, Palestine, 
Syria, Egypt and Cyrus (Brew et al. 2001; Hardenberg and 
Robertson 2007; Gardosh et al. 2008; Bowman 2011; Nader 
2011; Hawie et al. 2013). 

With the acquisition of the 2D seismic data using new 
PGS geostreamer technique in 2008, data quality for all 
horizons is optimised with good resolution until to the 
deeper reflectors. The latter will permits to better interpret 
structural and seismic stratigraphy of horizons to highlight 
their tectonic structuring, sequence system tracts organiza- 
tion and lowstand paleogeographic distribution. This study 
will focus on the Oligocene and Міосепе horizons 
reservoirs. 

Secondly, hydrocarbon structural and stratigraphic trap 
types will be discussed according the sequence reservoir 
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deposit system tract architecture and distribution as well as 
their tectonic structuring. 

Eight selected 2D regional seismic reflection sections 
have been analyzed and interpreted. Depositional sedimen- 
tary environments distribution is proposed for Oligocene and 
Miocene systems tracts and time isochron and isopach maps 
are used to support this framework around the study area. 


3.2 Deep Water Clastics Hydrocarbon 
Importance 


The deep water clastic reservoirs target is a new Hydrocar- 
bon world challenge in unexplored frontier areas around the 
world as the Levant basin. 

Most deep-water resources have been discovered in 
Cenozoic-age with almost 90% of the resources found 
within deepwater sandstone turbidites (Weimer et al. 2007). 
These deposits produce hydrocarbons from lobes, sheets, 
channel fills, and thin beds in levee-overbank settings 


- Egypt Nile Delta:- ~ 70 TCF 
- South Levant Basin : ~ 28TC 
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Fig. 3.2 East Mediterranean Hydrocarbon reserves repartition discovered in Mesozoic and Cenozoic deposits 
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Fig. 3.3 Eastern Mediterranean general stratigraphic column and Meso-Cenozoic Hydrocarbon play systems and gas and oil fields (Ben-Gai and 
Druckman 2013, modified) 
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(Chapin et al. 1994; Mahaffie 1994; Richards апа Bowman 
1998). Reservoir characteristics of continuity and connec- 
tivity present poor to excellent quality in deep-water sands. 

High net-to-gross slope fans and basin-floor sheet and 
channel-fill sands provide excellent reservoirs. Porosity and 
permeability in deep-water reservoirs can be excellent 
(>30% porosity and hundreds darcy's of permeability). 

Trap types reservoirs are classified according to the basin 
types (Worral et al. 2001): as mobile substrates (salt, shale) 
fed by large rivers, mobile substrates fed by small rivers and 
non mobile substrates fed by small rivers, About 7596 of the 
discoveries in deep water occur in the first two types of 
basins (Weimer et al. 2007). 

Traps in mobile substrates are generally structural to 
combined structural/stratigraphic. Significant proportion 
(~ 65%) of resources is from fields that have a stratigraphic 
component to their trap. 

Deep-water fold belts are a common structural style in 
association with mobile substrates. These fold belts have 
been recognized in many lower slopes and ultra-deepwater 
basins worldwide. Structural trapping 15 dominant in these 
features (Weimer et al. 2007). 

Stratigraphic traps occur in a variety of styles. Several 
discoveries have been made during the past few years in 
(1) stratigraphic onlap traps, (2) updip pinchout associated 
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with homoclinal dip and (3) channelized fill of submarine 
canyons and submarine canyon truncation traps (Weimer 
et al. 2007). 


3.3 Geotectonic Setting and Basin Evolution 


The Levant Basin is bounded to the northeast by Cyprus and 
Larnaca thrust zone, to the west by the Eratosthenes Sea- 
mount and to the south, by the Leviathan Ridge and the Nile 
Delta Cone (Figs. 3.1 and 3.4). To the north, it is bordered 
by the Latakia basin and to the eastern side, it is limited by 
the coastal margin faults of N-S Dead Sea transform fault 
and the Palmyrides fold belt (Robertson 1998a, b; Rybakov 
and Segev 2004; Hawie et al. 2013, 2014; Plummer et al. 
). 

Geophysical seismic and gravity studies (Rybakov and 
Segev 2004; Tapponier et al. 2004; Gardosh et al. 2008; 
Eppelbaum and Katz 2011) show that the Levant basin 
contains up to 15,000 m of Mesozoic and Cenozoic layers 
(Fig. 3.6). The basin have been affected by compression and 
extension due to plate motions. Along the western Lebanon 
offshore margin, NE-SW and N-S-trending faults follow the 
direction of Dead Sea sinistral Transform (Robertson 19984, 
b; Rybakov and бесеу 2004; Tapponier et al. 2004; 
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Fig. 3.4 Structural map of Lebanon and the Palmyrides showing the major strike slip flower faults trends and structures (in Hawei 2013) 
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Robertson and Mountrakis 2006; Hawie et al. 2013; 2014) 
(Fig. 3.4). The latter fault delimitates Arabian plate and the 
Levant basin. 

Extensional events have been documented in the latest 
Paleozoic, in Middle and Late Triassic and in Early Jurassic 
(Freund et al. 1975; Garfunkel and Derin 1984; Robertson 
1998a, b; Garfunkel 1998; Robertson and Mountrakis 2006; 
Gardosh and Druckman 2006; Tapponnier et al. 2004; 
Hawie et al. 2013, 2014; Montadert et al. 2014). 

These events are marked by normal faults with several 
kilometers of throw. These stages are accompanied by 
magmatic activity and formation of NE-SW oriented graben 
and horsts. 

The main tectonic structuring stages of the Levant basin 
consist оп Mesozoic rifting and Cenozoic convergence 
phases (Fig. 3.6). Rifting phase is related to the breakup of 
the Gondwana plate and the formation of the Neotethys 
Ocean system. This rifting event is also recognized and well 
documented in the central Mediterranean north African 
Atlassic margin plate (Bédir et al. 1992; Bédir 1995; Bédir 
et al. 2000 and 2001; Bouaziz et al. 2002; Melki et al. 2010). 

Basement structures associated with the Early Mesozoic 
extension are found in the deep parts of Levant basin as 
Leviathan Ridge and the Eratosthenes high (Figs. 3.5, 3.6 
and 3.7) (Robertson and Mountrakis 2006; Gardosh and 
Druckman 2006; Gardosh et al. 2008; Plummer et al. 2013; 
Hawie et al. 2013, 2014). The rifting mechanism in the 
Levant area reached an early magmatic stage. Although 
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magmatic intrusions and stretching of the crust took place, 
no indications for sea-floor spreading and emplacement of 
new oceanic crust are found (Gardosh and Druckman 2006). 
The eastern continental margin of the central Levant is 
characterized by a sharp continental-oceanic crustal transi- 
tion, exhibited on the bathymetry as a steep continental slope 
(Figs. 3.5 and 3.6). 

The post-rift phase is associated with cooling and subsi- 
dence that was probably more intense within the basin than 
on the margins (Robertson and Mountrakis 2006; Plummer 
et al. 2013). The Late Jurassic to Middle Cretaceous section 
records a gradual formation of a passive-margin profile and 
the subsequent development of a deep-marine basin bor- 
dered by a shallow-marine shelf (Fig. 3.5) (Bein and 
Gvirtzman 1977; Garfunkel 1998). 

The passive-margin stage is characterized by recurring 
cycles of marine transgressions and regressions associated 
with relative sea-level changes (Flexer et al. 1986; Gardosh 
2002). The latter are marked by marine onlaps, unconformity 
surfaces, stacking of carbonate platforms, on the basin's 
margin, and mass transported deposition in the basin (Hawie 
2013). 

In Late Cretaceous to Paleogene times, the region expe- 
rienced compressions due to the convergence of the African 
and Eurasian plates (Fig. 3.7). This led to the inversion of 
the previously formed NE-SW trending grabens and to 
strike-slip faulting due to differential plate motion (Figs. 3.5 
and 3.6). The same compressions and inversions are 
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Fig. 3.5 East-West regional geoseismic cross section of Levant basin showing continental and seamount borders, continental and oceanic crust 


and Phanerozoic series infill (Gardosh et al. 2008) 
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Fig. 3.7 E-W and N-S regional cross sections showing onshore & offshore relationship structuring of subduction ridges of Cyprus, Latakia and 
Levant foreland basins (Plummer et al. 2013) 


3 Seismic Tectono-Stratigraphy and Hydrocarbon Implications ... 


documented in the central Mediterranean north African 
Atlassic margin by Bédir et al. (1987, 1992), Bédir (1995), 
Bouaziz et al. (2002); Khomsi et al. (2006, 2009, 2016). 

Tertiary compressive events induced central basin sub- 
siding area surrounded by uplifted shelves and slopes in 
eastern, western, northern and southern borders (Fig. 3.7), 
corresponding respectively to the continental Syrian Arc fold 
belt, submarine Cyprus Arc, Eratosthenes Seamount and 
Leviathan ridge (Robertson 1998a, b; Plummer et al. 2013; 
Hawie et al. 2013, 2014). Deep seated inherited sub-vertical 
NE-SW and NW-SE strike slip faults guide and control 
Mesozoic and Cenozoic basin deposits. 

These compressional events are manifested by large-scale 
contractional deformation of Cyprus Arc and the Syrian Arc 
fold belt (Krenkel 1924; Picard 1959; Hawie et al. 2013, 
2014). Syrian Arc folds are extending from the Western 
Desert of Egypt, through Palestine to Lebanon and Syria. 
Based on surface studies, Walley (2001) suggested two main 
folding phases: Late Cretaceous and Early Tertiary. The 
subsurface and outcrop studies of the Levant Basin and 
surroundings confirmed this suggestion (Gardosh апа 
Druckman 2006; Bar et al. 2008; Gardosh et al. 2008). Briais 
et al. (2009), Hawie et al. (2013, 2014) and Plummer et al. 
(2013) had reported seismic evidence for Neogene active 
shortening in offshore of Lebanon. 

At the end of Miocene, the Mediterranean Sea became 
isolated from the Atlantic Ocean, which led to the deposition 
of up to 1500 m of evaporates in the Levant Basin (Hsu et al. 
1973a, b; Neev et al. 1976; Ryan 1978; Cohen 1988; 
Druckman et al. 1995; Gradmann et al. 2015). This event 
lasted about 1.5 million years is known as the “Messinian 
Salinity Crisis" (Butler et al. 1999; Lofi et al. 2008, 2011; 
Gorini et al. 2015). The crisis was followed by inundation of 
the basin with oceanic waters and Pliocene to recent 
sedimentation. 

The present-day Levant basin can be described as a 
foreland basin of the African Plate convergence. To the north, 
the thrust belt caused by the Africa-Eurasia plate collision is 
materialized in the Cyprus Arc and Larnaca/Latakia Ridge 
system. North of this thrust belt, several *piggy-back' basins 
can be recognized, such as the Latakia Trough, Iskenderun, 
Adana and Cilicia basins (Fig. 3.7). 


3.4 Regional Tertiary Stratigraphy 
and Depositional Environments 


The knowledge of the stratigraphy and the deposit envi- 
ronments of onshore Oligo-Miocene around the offshore 
study area of Levant basin is very important for the seismic 
stratigraphy and system tract calibration and interpretation 
for depositional reconstructions in absence of close petro- 
leum wells calibrations in this frontier area. 
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For this purpose, synthesis of Oligo-Miocene regional 
stratigraphy around the offshore study area is presented from 
several published works. The data has been selected from 
eastern. continental border outcrops of Levant basin of 
Palestine, Lebanon, Syrian Arc, Turkey and offshore Cyprus 
and Eratosthenes. 


3.5 Еосепе 


In the eastern continental and southern offshore areas of the 
Levant of the basin; in Palestine, Syria, Lebanon and North 
Sinai and Nile Delta, Lower and Middle Eocene facies are 
predominantly pelagic containing shallower neritic levels of 
nummulitic (Brew et al. 2001; Roberts and David 2007; 
Gardosh et al. 2008; Hawie 2013). This assemblage of 
deep and shallow carbonate deposits suggest a mass 
transport origin in a deeper basinal setting (Buchbinder 
et al. 1988; Hawie 2013), beginning in latest Early Eocene 
times (Benjamini 1993). Canyon incisions and eroded 
surfaces are documented in Syrian-Lebanon, Palestine 
outcrops and in the southern offshore Nile Delta (Figs. 3.8, 
3.9 and 3.10). 

In proximal areas an unconformity was found between 
the Middle Eocene chalky Formation and the hemi-pelagic 
marls ones. It was denominated the “Upper Clastic Division" 
of Ball and Ball (1953). Occasional mass transported con- 
glomerates are found especially in distal areas. Upper 
Eocene deposits are locally truncated by the major uncon- 
formity of Early Oligocene (Dolson et al. 2000; Hawie 
2013). 

In Lebanon and Syrian outcrops (Hawie 2013) and in the 
petroleum wells, as well as in Cyprus (Roberts and David 
2007) and Nile Delta in Egypt, Eocene deposits exhibits 
limestones and hemipelagic mudstones but Upper Eocene 
presents siliciclastics sandstones and channels (Figs. 3.9 and 
3.10). 


3.6 Oligocene 


In the eastern and southern continental area, a major 
unconformity is reported between Late Eocene and Early 
Oligocene deposits There, a regional unconformity surface 
developed at the top of Eocene carbonates (Figs. 3.8, 3.9 and 
3.10); in the Negev and the Judea Mountains (Picard 1951; 
Garfunkel and Horowitz 1966; Gardosh et al. 2008; Stein- 
berg et al. 2011) and in the Palmyride Arc zone (Brew et al. 
2001) and Lebanon (Hawie 2013). 

The same unconformity level is well documented in the 
northern red sea and the gulf of Suez (Dolson et al. 2000) 
(Fig. 3.10). Zilberman (2000, 2001) named this unconfor- 
mity "the upper erosion surface" and pointed out that it 
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Fig. 3.8 Tertiary 
lithostratigraphy Formations and 
deposits of southeastern 
Lebanon-Palestine Levant margin 
(Gardosh et al. 2008, modified) 
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postdates Upper Eocene deposits and predates Miocene 
continental deposits of the Hazeva Group (Figs. 3.8 and 
3.9). Whereas in the southern offshore Nile Delta and North 
Sinai zones; Oligocene deposits are composed by marls and 
sandstone turbidites (Dolson et al. 2001). 

In the Hanna-1 borehole, which is located at the distal 
part of the Ashdod Canyon (Gardosh et al. 2008; Steinberg 
et al. 2011; Plummer et al., 2013), the base of the canyon fill 
was dated as Lower Oligocene Rupelian age (Micro-Strat 
Inc 2003). Well log correlation from coastal to offshore basin 
area show a lateral lithologic variation of Oligocene marls 
and carbonates from proximal zone to a calciturbidites and 
conglomerates levels occurrence in distal zone of the margin 
(Figs. 3.8, 3.9 and 3.10). 

Patchy argellious limestones and marls outcrops of low- 
ermost Oligocene are sparsely spread from the Golan to the 
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Northern Negev and Palmyrides. They are more common in 
wells along the Mediterranean coastal plain and offshore 
areas, where they are included in the lower part of the Bet 
Guvrin Formation in Palestine (Fig. 3.8). These sediments 
consist of deep-water pelagic marly chalks, and their aerial 
distribution largely follows the distribution of the Upper 
Eocene deposits, except for their absence in the Southern 
Negev (Buchbinder et al. 2005). 

Upper Oligocene deposits have a limited inland distri- 
bution due to their strong erosion and infilling to the Levant 
basin. However, sediments penetrate more inland to the 
Lower Shefela region (Lakhish Formation) (Roberts and 
David 2007; Gardosh et al. 2008; Steinberg et al. 2011), 
characterized by slumped blocks, debris flows and occa- 
sional sandy calcareous turbidites (Lakhish area). These 
mass transported sediments are covered by a few meters of 
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Fig. 3.9 Regional Tertiary lithostratigraphic chart, associated reservoirs and source rocks, tectonic events and eustatic cycles of western offshore 
of Cyprus, Erathostenes sea mount and eastern continental margin of Lebanon and Syria (Roberts and David 2007) 
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Fig. 3.10 Lithotratigraphic correlation chart from continental North Sinai and Western desert to offshore Nile in Egypt showing Mesozoic and 
Cenozoic lateral deposits changes and major tectono-stratigraphic unconformities and Hydrocarbon occurrences (Dolson et al. 2000) 
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in situ large-foraminiferal limestone representing a lowstand 
prograding wedge (Buchbinder et al. 2005). More than 
300 m of sand and conglomerates of this phase were pene- 
trated in the Ashdod wells in the Palestine coastal Plain 
(Gardosh et al. 2008). 

To the northern border of Levant basin, near the Taurus 
fold belt, Satur et al. (2007) has detailed in the outcrops of 
Adana Neogene basin in eastern Turkey, an Oligo-Miocene 
deep sea fan lobes deposits and turbidites of clastic Cingoz 
Formation. This turbiditic system presents two feeders 
directions of supply; one from the East and the other from 
the West. 


3.7 Lower Miocene (Aquitanian-Burdigalian) 


In the eastern Palestine margin, Early Miocene cycle begin by 
onlap of the upper Ha'on Member of Ben Guvrin Formation 
(Susita Formation) (Fig. 3.8). It reached the Golan area across 
the Rift Valley (Buchbinder et al. 2005). However, their 
hemi-pelagic sediments were largely eroded from the hilly 
backbone of the country. The facies is ubiquitously pelagic or 
hemi-pelagic (Bet Guvrin type), except in the most proximal 
outcrops in the Golan Heights (Gardosh et al. 2008). 

Burdigalian sediments are limited to the Coastal Plain and 
offshore area. Canyon incision was renewed and mass 
transported deposits occasionally accumulated, as docu- 
mented by the Gaza sands turbidites (Martinotti 1973). Also 
in the well correlations along Ashdod canyon Axis, in off- 
shore Gaza, in Hannah 1 well, Burdigalian level contain 
sandstones (Gardosh et al. 2008). 

In the Well log correlations of Syrian Latakia coastal area 
(Brew et al. 2001), marl and limestone levels of Lower 
Miocene present lateral variations from proximal area of 
marls and limestones to sandstones deposits of Fars For- 
mation to the distal area. 

In the North Sinai and offshore Nile Delta, 
Aquitanian-Burdigalian deposits are in environmental con- 
tinuity with Oligocene marine shales and turbiditic sand- 
stone (Fig. 3.10). 


3.8 Middle Miocene (Langhian-Serravallian) 


Langhian deposits show a development of a carbonate 
platform and hemi-pelagic deposits of Ziglag Formation 
(Fig. 3.8) unconformably lying the western flank of the 
Judean anticline (Buchbinder and Zilberman 1997; Buch- 
binder et al. 1993). 

Bet Guvrin facies in Palestine and Jebrine Formation in 
Palmyrides (in Brew et al. 2001) show a thick (250 m) 
succession of conglomerate, consisting of limestone, chalk 
and chert pebbles apparently derived from Cretaceous to 


M. Bédir and M. N. Aissaoui 


Tertiary Formations. These deposits have been also 
encountered in the Nahal Oz-1 borehole in the Afiq Canyon 
(Druckman et al. 1995; Gardosh et al. 2008). 

Serravallian sediments, represented by Ziglag Formation 
(Fig. 3.8), terminate abruptly when the sea level dropped 
and erosion and canyon incision resumed, leaving behind 
their products: conglomerates and overbank deposits (Bet 
Nir conglomerate) Buchbinder et al. 1986). 

In well logs of Syrian Latakia coastal area, Lower Mio- 
cene contain sandstone deposits to the distal area whereas 
Middle Miocene Serravallian deposits are composed from 
proximal to distal zones by more frequent siltstones and 
sandstones beds intercalated in limestones and marl levels 
(Brew et al. 2001). Small onlap episodes of limited landward 
penetration are indicated by the Middle Formation. 

In the southern offshore Nile Delta, Langhian and Ser- 
ravallian deposits are composed by marine shales, fluvial 
and deltaic sandstones and turbiditic sandstones intercalated 
by several erosional unconformities and hiatuses reflecting 
the strong siliciclastic sedimentary dynamics that 15 one of 
the important feeder for the north Levant basin (Fig. 3.10). 


3.9 Upper Miocene (Tortonian-Messinian) 


Sediments of this cycle are relatively common in the 
Palestine outcrops (Buchbinder and Zilberman 1997) and 
especially in wells in the eastern coastal Plain and offshore. 
The deposits are represented by basinal hemi-pelagic marly 
sedimentation, capped by coral and algal reefs of the Pattish 
Formation in proximal platform position (Figs. 3.8 and 3.9). 

However, in the offshore extension of the Afiq Canyon 1, 
hemi-pelagic muds are found, interbedded with mass trans- 
ported sands and conglomerates of chert pebbles (Gardosh 
et al. 2008). The forced regression of this cycle is represented 
by the lower part of the Mavqiim anhydrites (Fig. 3.8). 

The Messinian evaporites are found throughout the 
Mediterranean region (Hsu et al., 1973a, b; Neev et al. 1976; 
Ryan 1978). The deposition of offshore Mavqiim evaporites 
and continental Sedom Salt (Gradmann et al. 2015; Gardosh 
et al. 2008) (Figs. 3.8, 3.9 and 3.10) which are composed 
mainly of halite and some anhydrite, followed a major 
sea-level drop associated with the closure and desiccation of 
the Mediterranean Sea (Hsu et al. 1973a, b, 1978; Gvirtzman 
and Buchbinder 1978 Ryan 1978; Cohen 1988; Druckman 
et al. 1995; Butler et al. 1999: Gradmann et al. 2015; Lofi 
et al. 2008, 2011; Gorini et al. 2015). The area of evaporate 
accumulation extended throughout the Levant basin to about 
20—40 km west of the present-day coastline (Gardosh and 
Druckman 2006; Bertoni and Cartwright 2007). 

The Messinian evaporites most likely filled a preexisting 
topographic depression (Tibor et al. 1992). However, during 
short highstand onlap episodes, the brine covered the slope 
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and penetrated through deep canyons further inland. Rem- 
nants of the Messinian evaporates in the form of a few tens 
of meters of thick halite and anhydrite beds were encoun- 
tered in various wells in the eastern coastal areas of 
Levantine basin (Druckman et al. 1995; Cohen 1988). 

Whereas іп the southern offshore of the Nile Delta, Mes- 
sinian deposits re in continuity with Serravallian-Tortonian 
ones with fluvial and deltaic sandstones and turbidites 
intercalated by marine shales (Fig. 3.10). 


3.10 Datasets and Methods 


The 2D seismic grid of the study area has been acquired in 
2008 using new PGS geostreamer technique which consists 
on measuring both the pressure wave field using hydro- 
phones, and the vertical component of the particle velocity 
using motion sensors on two recording sensors. By com- 
bining the data from the two sensors the energy can be 
separated into up- and down-going parts. 

By considering only the up-going wave field, the ghost 
reflexion is removed, thus optimise the data quality, not just 
for one seismic horizon but for all horizons from shallow to 
deeper ones. 

Seismic data and analyses have been interpreted by 
Geoframe charisma software and time seismic and depth 


Fig. 3.11 North Levant basin 
study area location map of used 
PGS 2 D selected seismic lines 
and petroleum wells 
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mapping by CPS3. Seismic processing of sections is under 
normal polarity and zero phase amplitude which means that 
the reflection coefficient of positive acoustic impedance of 
lithologic contrast is represented by negative amplitude and 
vice versa and it is situated in the medium amplitude. 
Seismic reflection positive amplitude polarity 15 represented 
in red color whereas negative one 15 in blue. 

Regional seismic sections oriented E-W (A, A', B, C, D, 
E) and N-S (F, G, H, I) have been selected to identify and 
highlight seismic sequence boundaries and system tract 
horizons distribution of Oligocene and Miocene from West 
to East and South to North in the northern Offshore Levant 
basin (Fig. 3.11). 

These seismic sections present good resolution for second 
and third order seismic stratigraphy interpretations but some 
deformed and faulted areas present bad resolution. These lines 
extend vertically to eight seconds of two way time wave travel. 
The length average extends from 50 to 160 km (Fig. 3.11). 

In the study area, Extracted Constant interval velocity 
from layer computed from stacking velocity of Line C shows 
that Oligocene reflectors velocity is about 2900 m/s and 
those of Lower to Middle-Upper Miocene reflectors are 
about 2600 m/s (Fig. 3.12). The average interval thickness 
between Oligocene horizons is about 60—70 m whereas for 
those of Lower and Middle-Upper Miocene they are about of 
50 m. 
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Fig. 3.12 Extracted constant interval velocity from layers computed from stacking of southern seismic line C (see Fig. 3.11 for line C location) 


Despite the absence of petroleum wells in this study 
frontier zone area, calibration of seismic horizons had been 
established from the southern petroleum wells of Hannah 1, 
Yam 2, Yam-Yafo 1, Tamar 1 and Leviathan 1, located few 
kilometers southwest of the study area. This calibration has 
been established by seismic lines link of A and A’ 
(Figs. 3.11 and 3.13). 

Seismic horizon interpretation representing regional 
extension of the unconformities and seismic character along 
seismic section А and those of the study area (Fig. 3.13) has 
facilitated the correlation between southern and northern 
offshore areas (Gardosh et al. 2008). 

The main seismic markers concerning Tertiary horizons 
representing unconformity surfaces are those of Top Eocene, 
Base Oligocene, Top Oligocene, Top Lower Miocene, Top 
Upper Middle Miocene, Base Messinian salt and Base 
Pliocene (Fig. 3.13). 

Seismic and sequence stratigraphic analyses and interpre- 
tations are based on horizon reflection terminations and 
external and internal patterns geometries and configurations 
which are indicative of depositional system tracts types and 
sedimentary environments between platform to basinward, 
according theoretical sequence deposit system tracts and 


boundaries of Memory 26 of the American Association of 
Petroleum Geology Bulletin (Vail et al. 1977; Mitchum et al. 
1977; Rybakov and Segev 2004) and sequence seismic 
stratigraphy concepts especially in Siliciclastic environments 
(Vail et al. 1987; Van Wagoner et al. 1988; Homewood et al. 
2002; Galloway 1989; Vail et al. 1991; Catuneanu 2002, 
2003). Interest will be focused on lowstand sequence horizons 
for the potential sandstone reservoir distribution target. 

Depositional sedimentary lowstand system tracts envi- 
ronment maps of Oligocene and Miocene are reconstructed 
and established from seismic stratigraphic analyses and 
interpretations. 

As the studied Oligo-Miocene deposits are from deep 
marine Siliciclastic environments varying from shelf conti- 
nental margin to deep marine basin and constitute a reservoir 
targets, we have used several deep marine clastic sequence 
stratigraphy systems around the world known by their 
hydrocarbon reservoir characteristics (Chapin et al. 1994; 
Mahaffie 1994; Gardner and Sonnenfeld 1999; Bédir et al. 
1996; Richards and Bowman 1998; Worral et al. 2001; 
Catuneanu 2002; Sharnugam 2003; Catuneanu 2006; Gard- 
ner et al. 2003; Weimer et al. 2007; Bouma et al. 2007; Bédir 
et al. 2016). 
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Fig. 3.13 WNW-ESE and N-S structural seismic calibration link lines 
A and A' of Mesozoic and Cenozoic horizons showing southern central 
Leviathan ridge and northern subsiding basin exhibiting Mesozoic 


3.11 Seismic Lines Analyses 


3.11.1 E-W Central Area Lines B, C and D 
3.11.1.1 Seismic Tectonics 

Seismic analyses by picking horizons and seismic stratig- 
raphy of the central study area through lines B and C have 
led to highlight the Oligo-Miocene basin and horizon 
structuring and configuration. 

E-W Seismic line B and C extend for about 150 km, from 
Eratosthenes seamount to the west to Lebanese coastal and 
continental shelf to the east (Figs. 3.14 and 3.15). These 
lines are near each other, they present globally the same 
basin configuration. However seismic resolution and attri- 
butes of Oligocene and Miocene horizons show some dif- 
ferences in the recognition of terminations and internal and 
external patterns. 

Structurally, the central part of line B (Fig. 3.14), C 
(Fig. 3.15) and D (Fig. 3.16), exhibits an Oligo-Miocene 
horizons thickening which represents the subsiding area of 
Levant basin. Towards the basin flank/wedges of the sec- 
tions, Lower Miocene horizons thins and pinches out with 
angular discontinuities, indicating uplifted and resistant 





rifting and Cenozoic compression inversion throw deep-rooted 
sub-vertical faults and space lateral migrations of subsidence axis 
(vertical dark arrows) 


domains. These borders are bounded by deep-seated 
sub-vertical Strike Slip normal and reverse faults. Faults 
seem to be inherited from the Triassic-Jurassic stage rifting 
of the basin and reactivated during the different tectonic 
events of Mesozoic rifting and Tertiary compressive oroge- 
nies of Levant basin as documented in the first part of this 
work, by several regional studies (Robertson 1998a; 
Robertson and Mountrakis 2006; Hawie et al. 2013 and 
2014). 

Basin inversion with axis subsidence migration between 
Eastern and Western sides are visible from Eocene- 
Oligocene and Lower Miocene horizons packages marked 
by lateral thickening, thinning and pinch outs of Lower and 
Middle Upper Miocene. The western side of the line shows 
tilting of the basin to the West during Oligocene (Figs. 3.14, 
3.15 and 3.16). 

In the central part and borders of the sections a set of 
normal faults are reactivated in reverse movements and 
folding affecting Oligocene and Miocene horizons, some of 
them has acted as syn-sedimentary faults. 

Top depth Oligocene and Miocene structural time maps 
highlight an NW-SE directions of these faults in central 
depression of northern Levant basin, whereas eastern and 
western northern Cyprus and Latakie arc and southern 
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Fig. 3.14 Central E-W uninterpreted structural seismic line B showing deep-seated and syn-sedimentary sub-vertical strike slip normal and 
reverse faults, Oligocene and Miocene unconformities and eastern and western space lateral axis subsidence migration and inversion (red arrows) 


Leviathan ridge highs represent border wedges limited by 
NE-SW апа N-S faults (Figs. 3.17 and 3.18). Deep central 
depression surrounded by the basin borders is well high- 
lighted by these depth maps. 


3.11.2 Seismic Sequence Stratigraphy 


3.11.2.1 Oligocene 

Early Oligocene horizons overlie Eocene-Cretaceous ones 
by a strong erosive unconformity (Figs. 3.19, 3.20 and 
3.21). Under top Eocene horizons, important incised canyon 
configurations have been highlighted (Bédir and Aissaoui 
2017). They may be corresponding to Upper Eocene clastic 
deep marine outcrop deposits of eastern coastal border of the 
basin. Stratigraphic synthesis in the first part of this report 
have documented strong erosional unconformity and con- 
glomeratic deposits in Upper Eocene outcropping sediments 
related to the global eustatic fall in this period. 


Oligocene horizons are subdivided into 5 third order seis- 
mic sequences (ОГА to OLS) limited at the base by downlap 
terminations and to the top by toplap and onlap terminations 
(Figs. 3.19, 3.20 and 3.21). Each sequence started by 
progradational horizons of fall stage early lowstand deposits 
located essentially on the flanks of the western basin border. 
External geometrical patterns of these progradational horizons 
are ranged from mounded and sigmoidal to oblique. In 
sequences OL2, OL3, OL4 and OLS, above the progradational 
horizons, and laterally follow an important erosive surfaces 
and incised canyons of lowstand stage (Figs. 3.14, 3.15 and 
3.16). These canyons are present from upper to lower slope. 
They present single storey type. Their width range from 5 to 
10 km and their average in axis thickness is about 300—600 m 
according the average seismic interval velocity of 2900 m/s. 

These are generally located along faults suggesting a 
guide role of the latter in the trend of canyons pathways 
(Bédir and Aissaoui 2017). According the structural map of 
top Oligocene (Fig. 3.17). These faults are directed NW-SE 
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Fig. 3.15 Central E-W uninterpreted structural seismic line C showing deep-seated and syn-sedimentary sub-vertical normal and reverse faults, 
Oligocene and Miocene unconformities eastern and western lateral subsidence migration and inversion (red arrows) 


in the central part of the basin and NE-SW and N-S to its 
eastern, western and northern borders, so canyon pathways 
and conduits seem to be oriented along the footwalls of these 
faults. 

The infilling deposits reflectors inside the canyons are 
from different types; chaotic, complex and prograded 
(Mitchum et al. 1977). The infilling geometry presents 
eastern dip downlap terminations to the western side of the 
basin and western ones to the eastern side. The latter could 
imply eastern and western feeders of canyons. 

Upper sequences terminate by canyons and channels infill 
configurations sealed by toplap and onlap surfaces repre- 
senting the transgressive and maximum flooding surface 
overlain by highstand horizon (Figs. 3.19, 3.20 and 3.21). 
On these seismic lines, it appears that the western basin 
border represents іп Oligocene time a slight paleo-slope 
occupied by progradational system tracts and intensive 
incised canyons in the lower slope. The vertical and lateral 
distributions of canyons from the lower sequences to the 
upper ones show a lateral migrations (Bédir and Aissaoui 
2017). These results are new arguments for the presence of 
these canyons to the western basin slope. 


In the central part of the seismic lines, mound and sheet 
horizons configuration appears as turbiditic fan bodies 
(Figs. 3.19, 3.20 and 3.21). 

To the western border and lower slope basin, seismic 
acoustic characters are marked by discontinuous reflectors 
with low to middle amplitude for progradational and canyon 
features whereas more continuous and middle to high 
amplitude reflectors characterize toplap and onlap upper 
sequence limit boundaries. 


3.11.3 Lower Miocene 


Lower Miocene section extending from Aquitanian to Bur- 
digalian age present important configuration change 
according to the Oligocene horizons; seismic horizons 
package show thickening in the centre of the basin and 
strong reductions and pinch outs towards the western and 
eastern edges that are more individualized than the Oligo- 
cene structuring (Figs. 3.19, 3.20 and 3.21). Lower Miocene 
basal horizons overly unconformably late Oligocene ones by 
an angular surface in the western and eastern basin slope 
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Fig. 3.16 Central E-W uninterpreted structural seismic line D showing deep-Seated sub-vertical strike slip normal and reverse faults, Oligocene 
and Miocene unconformities, eastern and western lateral axis subsidence migration and inversion (black arrows) 


flanks. This unconformity seems to be due to the Upper 
Oligocene event that uplifted the two border slopes and 
subsided the central part of the basin. 

Lower Miocene horizons present 4 third order seismic 
sequences МІ to M4, limited at the base by downlap ter- 
minations and to the top by toplap and onlap features 
(Figs. 3.19, 3.20 and 3.21). The base of sequences shows a 
progradational sigmoidal, oblique and shingled offlaps and 
mounds of fall stage lowstand deposits situated on the flanks 
of the western and eastern basin slopes and mounded and 
sheet configurations to the centre of the basin (Bédir and 
Aissaoui 2017). 

Upper sequences are characterized by storey incised 
canyons and channels located in central part of the basin. 
They are covered by toplap and onlap surfaces representing 
the transgressive and maximum flooding surface overlain by 
highstand horizon. The reflectors inside these canyons show 
prograded and onlap fill. Their average width is about 3— 
7 km and in axis thickness is between 100 and 180 m. 

As it was the case of the Oligocene canyons, Lower 
Miocene ones are in majority the footwalls of faults that are 
mapped in the structural map in the central basin area as 


NW-SE direction and NE-SW and N-S along eastern and 
western shelf margins (Fig. 3.18). 

In the central part of the seismic lines, sheet and mound 
configurations suggest a fan lobes and deep sea fan deposits. 
Their average width is about 3 km and axis thickness about 
100-150 m. 

From the western Cyprus arc high basin edge of the 
slope, seismic reflectors show lateral variation of continuity, 
amplitude and frequency whereas more continuous and 
middle to high amplitude characterize toplap and onlap 
sequence limit boundaries. 

To the eastern continental basin slope, despite intensive 
folding deformations and faults, progradational horizon 
configurations can be detected as mounded and oblique 
structures. 


3.11.4 Middle-Upper Miocene 


Middle Upper Miocene horizons range from Langhian to 
Serravallian and Tortonian deposits overlain by the base of 
Messinian salt. It constitutes a new horizons package that 
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Fig. 3.17 Top Oligocene 
structural depth map showing 
NW-SE faults in the central basin 
апа NE-SW and М-5 ones in the 
western and eastern shelf borders 
of the northern Levant basin (CI: 
100 m) 
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contrast with Lower Miocene ones by more transparent 
seismic facies and newly appearance of incised canyons and 
channels (Figs. 3.19, 3.20 and 3.21). 

Third order sequence subdivisions of Middle to Upper 
Miocene show 5 to 7 sequences (M5 to M9) limited by 
toplap/onlap gradational and retrogradational horizons. 

In fact, basal Middle Miocene blue horizons represents 
langhian deposits that overly unconformably lower Miocene 
lowstand horizons of sequence M4 according a progressive 
retrogradational onlap parallel horizons towards the western 
and eastern basin edge high slopes (Figs. 3.19, 3.20 and 3.21). 

Nevertheless, they represent a transgressive and high- 
stand system tract cycle of sequence М4 in the global 
eustatic chart (Haq et al. 1987; Vail et al. 1991); these 
transgressive deposits are related to the transgressive and 
highstand sea level rise of Langhian which are well docu- 
mented regionally around central and western Mediterranean 
and known in North African margin by the grainstone bio- 
clastic shelf transgressive carbonates of Ain Ghrab Forma- 
tion and highstand planctonic Mahmoud Formation shales 





(Bismuth 1984; Ben Ismail 1984; Bédir et al. 1996; Bédir 
et al. 2016). 

Seismic characteristics of this transgressive and highstand 
horizons are marked here by a general parallel and contin- 
uous seismic horizon marker with middle to high amplitude 
reflectors (Figs. 3.19, 3.20 and 3.21) which suggests a uni- 
form depositional environment of alternation of low and 
moderate energy related to marls, mudstones and carbonates 
as documented in Israeli-Palestine outcrops and wells of the 
eastern coast (Gardosh et al. 2008). 

To the western basin slope, at the base of these system 
tracts, we can note some sigmoidal progradational horizons 
on the slope and channelized reflectors towards the basin 
(Figs. 3.19, 3.20 and 3.21). It could be a transgressive 
progradational system tract of this Langhian highstand 
deposits as mentioned in the base of the related eustatic 
global chart cycle (Haq et al. 1987; Vail et al. 1991). 

This is also has been found in central Lebanon outcrops 
where Langhian deposits present basin compact mudstone 
carbonates at the base and proximal slope slumped 
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Fig. 3.18 Тор Lower Middle Miocene structural depth map showing NW-SE faults in the eastern basin and NE-SW апа N-S ones іп the western 
and eastern shelf borders in the northern Levant basin with southeastern migration subsidence (CI: 100 m) 
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Fig. 3.19 Central E-W geo-seismic sequence stratigraphic section of  tst/mfs and Highstand aggrading Onlap/Toplap system tracts, storey 
line B showing Oligocene and Miocene seismic horizons configurations апа multistory canyons and channels space lateral migrations (black 
with Lowstand prograding Downlaps, Transgressive retrograding arrows) 


3 Seismic Tectono-Stratigraphy and Hydrocarbon Implications ... 











89 


Line | 


Shelf slope 


Г“-. | Progradational Tracts Seismic Reflections | /  |Faults [= -]2" Order Sequence Boundary Sz» |Canyons & Channels 
Retrogadational Onlap Progradational Downlap [= ]Toplap [ or ]Oligocene 3*order sequences 
[ м |Мосепе Forder sequences [cst | Lowstand system tract Transgressive system їгас{ мез | Maximum flooding surface 





Fig. 3.20 Central E-W Geo-Seismic sequence stratigraphic section of 
Line C showing Oligocene and Miocene seismic horizons configura- 
tions with Lowstand prograding Downlaps, Transgressive Retrograding 


sediments and turbidites with large incisions at the top of the 
deposits (Hawie 2013). 

Middle to Upper Miocene Serravallian horizons, of 
sequence M5 overlay М4 reflectors by an erosive basal 
surface unconformity. The first basal horizons of this 
sequence present downlap progradational configurations 
from the western basin edge slope to the center of the basin. 
Onlap retrogradational reflector terminations are well visible 
towards the western slope flank. 

Sequences begin by a progradational horizons of early 
fall stage lowstand deposits presenting oblique and mounded 
bodies and ending by channel and storey canyons structures 
to the western side of the basin. The deposits reflectors 
inside the canyons are predominantly of prograded, complex 
and onlap fill types (Mitchum et al. 1977). 

Based on seismic average interval velocity of Miocene 
horizons, the thickness in axis of these canyons and channels 
is about 150-200 m, the average width ranges from 3 to 
5 km and can reach 10 km in some cases. 

Sequences M7 and М8 show predominately transparent 
seismic facies to the western part of the seismic line and 
downlap mounded configuration at the base and channels to 
the top suggesting a fan lobes and deep sea fan deposits as it 
was shown and documented in the same basin by seismic 
horizon amplitude analysis by Hawie (2013), where Late 


TST/MFS and Highstand aggrading Onlap/Toplap system tracts, storey 
and multistory canyons and channels space lateral migrations (black 
arrows) 


Miocene NE-SW trending channels and fan lobes has been 
highlighted in the eastern border of the basin (Fig. 3.22), 
with feeder and distributaries. This corroborates with the 
present seismic stratigraphy analysis. 

Sequences M8 and M9 present basal mounded horizons 
ending to the top by important incised canyon configurations 
to the central and western part of the sections (Figs. 3.19, 
3.20 and 3.21). 

The location of incised canyons seems to be guided by 
deep-seated faults footwalls that are oriented NW-SE in this 
central part of the basin according to the Top Lower Middle 
Miocene time structural map (Fig. 3.18) as it was the case 
for Oligocene sequences (Fig. 3.17). 


3.11.5 WNW-ESE Southern Area Line A 


3.11.5.1 Seismic Tectonics 

The line A extends nearly 160 km from WNW to ESE 
(Figs. 3.11 and 3.23). The western and eastern limits of the 
line present clear slope and high areas corresponding 
respectively to the Eratosthenes sea mount and continental 
shelf of Palestine, Syria and Lebanon. Seismic horizons are 
strongly folded from Upper Cretaceous to Upper Miocene. 
Folds are flanked by deep-seated sub-vertical strike slip 
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Fig. 3.21 Central E-W Geo-Seismic Sequence Stratigraphic Section of 
Line D Showing Eocene, Oligocene and Miocene Seismic Horizons 
Configurations with Lowstand prograding Downlaps, Transgressive 


faults. This structuring indicates that successive tectonic 
compressional events happened at Upper Cretaceous, Upper 
Eocene, Upper Oligocene, Lower Miocene and Upper 
Miocene (Fig. 3.23). These tectonic events are well printed 
by important angular unconformities visible in the western 
and eastern basin wedges as well as in the central basin 
folds. This southern area of the study summarizes the suc- 
cessive events that created the Syrian and Cyprus arcs from 
Upper Cretaceous to Upper Neogene. 

Seismic horizons of Oligocene, Lower Miocene and 
Middle-Upper Miocene presents more thickening to the 
western side of the line and strong thinning towards the 
eastern and western edges of the basin as well as around the 
central fold flanks due to the syn-sedimentary folding and 
associated synclines (Fig. 3.23). Pinch outs are well defined 
in Oligocene and Lower Miocene. 

Seismic horizons of all the studied series present strong 
thinning towards the two borders of the basin as well as in 
the central fold flanks due to the synsedimentary folding and 





Retrograding TST/MFS and Highstand aggrading Onlap/Toplap system 
tracts and storey canyons and channels Space lateral migrations (black 
arrows) 


associated synclines (Fig. 3.23). Pinch outs are well indi- 
vidualized in Oligocene and Lower Miocene. 


3.11.6 Seismic Sequence Stratigraphy 


3.11.6.1 Oligocene 
Early Oligocene horizons overlay Eocene-Cretaceous 
reflectors by a strong erosive toplap unconformity clearly 
exhibited towards the eastern margin slope (Fig. 3.24). 

Despite the disturbance of reflectors by tectonic defor- 
mations, some parts of the line allowed to recognize 
sequence boundaries and terminations showing a subdivi- 
sion into 5 third order Seismic Sequences (ОГЛ to OLS) 
limited at the base by downlap terminations and to the top by 
toplaps and onlaps (Fig. 3.24). 

Progradational downlap horizons of early lowstand 
deposits can be identified at the base of sequences on the 
lower slope flanks of the eastern and western basin borders 
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Fig. 3.22 Late Miocene fan system with feeder and distributaries on 
the amplitude map with low amplitudes shown in blue, higher 
amplitudes in light blue and highest amplitudes in red color. NE-SW 
trending channels and fan lobes are clearly visible (Hawie 2013) 


as well as in the central basin zone (Fig. 3.24). These fea- 
tures present mounded and oblique geometries well visible 
in OLI sequence in the central gutter synclines of folds. 

Oligocene horizons present discontinuous reflectors and 
laterally variable amplitude ranging from low to high along 
the section. Transparent facies between reflections suggest 
homogeneous density mud material dominance in some 
parts of the basin (Fig. 3.24). The latter indicates variable 
middle to high hydrodynamic energy of sedimentary depo- 
sition. As identified on central area E-W lines, these features 
suggest existence to the western basin area of turbiditic deep 
sea fan deposits during Oligocene as in the precedent E-W 
seismic lines B (Fig. 3.14), C (Fig. 3.15) and D (Fig. 3.16). 
Canyon faults relationship is also found here in this southern 
line (Fig. 3.24). 

This southern area exhibits intensive and frequent erosive 
surfaces of incised storey canyons of lowstand stage present 
in all Oligocene sequences (Fig. 3.24). They are distributed 
from upper western and eastern slopes to the central basin. 
Their interior reflectors present complex, prograded, onlap 
and chaotic fill types. 

From lower sequence OL 1 to upper sequence OL 5, 
incised canyons exhibit clear lateral migrations from the 
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center of the basin to the western slope as well as to the 
eastern slope (Fig. 3.24). 

Width canyons vary from 3 to 10 km and the average 
thickness ranges approximately from 100 to 350 m. 


3.11.7 Lower Miocene 


Lower Miocene basal horizons overlay unconformably late 
Oligocene horizons by an angular surface to the western and 
eastern basin wedges (Fig. 3.24). 

Seismic horizons show thickness variations along this 
line due to the existence of syn-sedimentary anticline and 
syncline structures where horizons and sequences exhibits 
reductions around folds and thickening in the syncline gut- 
ters attested by angular onlaps (Fig. 3.24). Towards the 
eastern and western high borders of the basin strong thinning 
of sequences is well identified. 

Lower Miocene horizons are subdivided in 4 third order 
seismic sequences МІ to M4, limited at the base by downlap 
terminations and to the top by toplap and onlap aggrada- 
tional and retrogradational configurations (Fig. 3.24). 

The base of sequences show a progradational configura- 
tions of sigmoidal, oblique and shingled offlaps, mounds and 
sheet towards the syncline gutters located on the flanks 
slopes and the centre of the basin (Fig. 3.24). Seismic 
reflections show incised channels and canyons from 
sequences M1 to M4 distributed along the line from West to 
Est. These canyons are smaller than those of Oligocene ones. 

They show reflection infill of complex, prograded and 
onlap fill types. Average width of canyons bodies is about 3 
to 4 km and axis thickness between 100 and 150 m. 

Basal Middle Miocene (blue horizons) overlays uncon- 
formably lowstand reflectors of sequence M4 according to a 
progressive gradational/retrogradational onlap parallel hori- 
zons towards the western and eastern basin edge high slopes 
and also on the flanks of central intra-basin folds (Fig. 3.24). 

Lowstand Miocene seismic reflectors present lateral 
variation of continuity, amplitude and frequency giving 
more transparent facies picture that contrast with more 
continuous reflectors and middle to high amplitude of con- 
densed section of toplap and onlap sequence limit bound- 
aries (Fig. 3.24). 


3.11.8 Middle-Upper Miocene 


Middle Upper Miocene horizons show more general trans- 
parent seismic facies than Lower Miocene ones (Fig. 3.24). 
Third order sequence subdivisions present 5 sequences (M5 
to M9) limited by downlap progradation of lowstand system 
tracts at the base and toplap/onlap aggradational and 
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Fig. 3.23 Southern WNW-ESE uninterpreted structural seismic line A 
across Aphrodite, Leviathan, Tamar and Dalit Gas fields structures, 
showing Mesozoic rifting and Late Cretaceous-Tertiary compression 
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Fig. 3.24 Southern WNW-ESE Geo-seismic sequence stratigraphic 
section of line A showing Oligocene and Miocene seismic horizons 
configurations with Lowstand prograding Downlaps, Transgressive 





retrograding TST/MFS and Highstand aggrading Onlap/Toplap system 
tracts and storey/multistory canyons and channels space lateral 
migrations (black arrows) 
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retrogradational of transgressive and highstand system tracts 
at the top. 

Upper sequences terminate by important storey incised 
canyons that cut lower sequence horizons and also sequence 
boundary limits (Fig. 3.24). These canyons extend from 
West to East and from the sequence M5 to sequence М9. 
They show space lateral migrations towards the West and 
towards the East. The infilling reflectors of canyons show 
complex, prograded and chaotic types fill. 

Seismic horizons of sequence M5 overlay M6 reflectors by 
basal sigmoid and shingled downlap progradational configu- 
rations on the slope borders and in the central basinal zone. 
Nevertheless, they present discontinuous reflectors with low 
amplitude indicating middle to high energy of fan deposits of 
silicoclastics sandstone and shale lobes (Fig. 3.24). 

Sequences M5 and M7 show predominately transparent 
seismic facies to the central and western part of the seismic 
line that indicates a predominant homogeneous facies 
whereas to the Eastern border of the basin reflections 
become of high amplitudes and good continuity due to the 
reduction of sequences and condensed sections of trans- 
gressive and maximum flooding surface unconformities on 
the shelf margin (Fig. 3.24). 

Incised canyon bodies have an average thickness in axis 
from 180 to 350 m and width from 3 to 10 km. 
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3.11.9 E-W Northern Area Line E 


3.11.9.1 Seismic Tectonics 

Line E 15 located in the north-eastern part of the study area 
and has about 50 km length. It is the shortest line of the 
selected sections and represents the narrowest part of the 
basin to the North (Figs. 3.11 and 3.25). 

Western side of the line show strong fold anticline and 
thrusting of the Cyprus arc printing a tectonic inversion of 
the western border slope of the basin. Central part of the line 
exhibits foreland basin in Oligocene and Miocene horizons 
that are structured in folded synclines. Intensive deforma- 
tions affect Oligocene and Miocene horizons represented by 
a central and eastern folds bounded by reverse faults 
(Fig. 3.25). 

Folds in central part of the basin are bounded by 
deep-seated flower faults suggesting transpressional move- 
ments and attested by angular unconformities (Fig. 3.25) as 
it was documented in the other E-W seismic lines of central 
and southern basin study area. The central and lateral folding 
of the basin created syn-sedimentary synclines attested by 
the distribution of seismic sequences pinch outs and onlap 
terminations. 

Thinning of seismic sequence horizons of Oligocene, 
Lower Miocene and Middle-Upper Miocene is observed 


essinian Salt. 
aid Lower Mat i 


Fig. 3.25 Northern E-W uninterpreted structural seismic line E showing Cyprus-Latakia compression arcs, deep-seated sub-vertical and flower 


structures strike slip faults, Oligocene and Miocene horizon folding 
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toward the western Cyprus Arc border. More important 
reduction to the eastern slope margin occurred (Fig. 3.25). 


3.11.10 Seismic Sequence Stratigraphy 


3.11.10.1 Oligocene 

Early Oligocene horizons overlay X Eocene-Cretaceous 
reflectors by an erosive toplap unconformity. Oligocene 
horizons present progressive onlaps on the eastern flank of 
the basin. Acoustic parameters of horizons show discontin- 
uous reflectors and laterally variable amplitude ranging from 
low to high (Fig. 3.26). 

Recognition of sequence boundaries and terminations in 
tectonic deformations and faults context is a difficult exer- 
cise. Nevertheless, subdivision into 5 third order seismic 
Sequences (OLI to OLS) has been tentatively identified by 
basal downlap, toplap and onlap terminations (Fig. 3.26). 

Seismic sequences begin at the base by progradational 
downlap horizons of early lowstand deposits on the lower 
slope flanks as well as in the central basin zone and by onlap 
retrogradational terminations on the high flanks of slopes. 
These features present sigmoidal, shingled and mounded 
geometries (Fig. 3.26). 

These geometries indicate high hydrodynamic energy of 
sedimentary deposition. As identified on the other E-W 
lines, these features suggest existence to the northern area of 
the Levant basin of high energy turbiditic deep sea fan 
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Fig. 3.26 Northern E-W Geo-Seismic sequence stratigraphic section 
of line E showing Eocene, Oligocene and Miocene seismic horizons 
configurations with Lowstand prograding Downlaps, Transgressive 
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deposits during Oligocene (Fig. 3.26). Directions of down- 
lap progradational bodies and onlaps indicate western, 
eastern and probably northern clastic source origin. 

The northern area of the basin exhibits intensive erosive 
surfaces of multistorey and stacked incised canyons of 
lowstand stage present from base to upper Oligocene 
sequences. They are located on the two syncline faulted 
gutters of the central fold. These canyons cut the upper 
sequence toplap horizons boundaries of Oligocene and 
Lower Miocene (Fig. 3.26). It's the only area from selected 
lines that show so remarkable incised canyons superposition 
from Oligocene to Lower Miocene. This fact suggests a 
northern and/or northeastern feeder of the infill supplies. 

In addition, we should remember the existence of deep 
sea fan turbidites and conglomerates deposits of Cingoz and 
Kici Oligo-Miocene Formation outcropping in eastern Tur- 
key (Satur et al. 2007; Boulton et al. 2007; Plummer et al.); 
which is located to the northern part of seismic line E. This 
turbiditic system presents two feeders; one from the East and 
another from the West. 

It is clearly stated here that canyons are guided by tec- 
tonism as it was the case in the central and southern E-W 
seismic sections. These canyons present bigger sizes due 
probably to their proximity to continental feeders. Width 
varies from 3 to 10 km and the average in axis infill thick- 
ness is approximately 250-1500 m. The infilling deposits 
reflectors inside the canyons show complex and prograded 
types exhibiting shingled and sigmoid downlap oblique 


Shelf slope 


retrograding TST/MFS and Highstand aggrading Onlap/Toplap system 
tracts and storey/multistory canyons and channels space lateral 
migrations (yellow arrows) 
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terminations (Fig. 3.26) which indicate a variable low to 
high hydrodynamic energy during sediment depositions. 


3.11.11 Lower Miocene 

Lower Miocene basal horizons overlay unconformably late 
Oligocene horizons by an angular surface in the western and 
eastern basin wedges (Fig. 3.26). 

Seismic horizons package show thickness variations 
along this line due to the existence of synsedimentary anti- 
cline and syncline structures where horizons and sequences 
exhibits reductions around folds and thickening in the syn- 
cline gutters attested by onlaps. Towards the eastern and 
western high borders flanks of the basin occurs strong 
thinning of sequences with progressive onlaps. In the 
western flank of the central fold Lower Miocene horizons 
infill a syncline gutter (Fig. 3.26). 

As in the others E-W seismic lines, Lower Miocene 
horizons can be subdivided in 4 third order seismic 
sequences МІ to M4, limited at the base by downlap ter- 
minations and to the top by toplap and onlap gradational and 
retrogradational configurations (Fig. 3.26). 

The base of sequences show a progradational configura- 
tions of sigmoidal, oblique and shingled offlaps and mounds 
towards the western and eastern border of the basin and in 
the central fold flanks (Fig. 3.26). Seismic reflections shows 
incised channels and canyons from sequences МІ to М4 
distributed along the line from West to Est. These canyons 
are in continuity of the Oligocene ones. 

Upper sequences are characterized by channels of late 
lowstand stage toplapped by toplap and onlap surfaces. 
Average width of canyons bodies is about 3-10 km and axis 
thickness about 500-800 m. 

Seismic reflectors show lateral variation of continuity, 
amplitude and frequency and more transparent facies in the 
central part of the line whereas more continuous reflectors of 
middle to high amplitude appear on the high zone border 
edge of the basin marked by condensed toplap and onlap 
sequence limit boundaries (Fig. 3.26). 

First Middle Miocene (blue horizons) of transgressive 
and highstand deposits of sequence M4 are here absent in the 
western side of the basin due to the strike position of this line 
on the onlap termination of these reflectors in N-S section I. 
In contrary, they appear in the eastern flank slope of the line 
and disappear to the center of the basin due probably to the 
strong erosion of sequence M4. 


3.11.12 Middle-Upper Miocene 


In this line, sequences present thickness reduction. Never- 
theless, 4 to 5 third order sequences (M5 to M9) has been 
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recognized (Fig. 3.26). Each sequence ends vertically by 
channel configurations. 

First Middle Miocene transgressive horizons that repre- 
sent the top of M4 are present only in the eastern part of the 
line because this line crossed the high onlap termination of 
these reflectors. 

Progradational bodies of sequences present sigmoid, 
shingled and mounded configurations on the slope borders 
as well as in the basin zone (Fig. 3.26). 

Reflectors of sequence M5 and M6 present discontinuity 
and variable amplitudes with more transparent seismic facies 
and more thickness than sequence M7 to M9. The latter 
show important thinning, more continuity and high ampli- 
tudes (Fig. 3.26). 


3.11.13 Western Area N-S Lines F and G 


3.11.13.1 Seismic Tectonics 

After the analysis and interpretation of E-W seismic lines, it 
is important to follow the basin configuration and seismic 
reflection patterns along N-S strike position to match the 
interpretation of E-W sections. Logically all the seismic 
sequence subdivisions and internal and external reflection 
patterns are the same in the two directions. Nevertheless, 
some changes of lateral evolution and distribution along N-S 
direction present new results for mapping and constructing 
the system tract distribution around the study area. Three 
seismic N-S lines will be presented. 

This section is composed by two lines F and G 
(Figs. 3.11 and 3.27), linking the South to the North and 
intersect the E-W line A calibrated by Tamar 1 and Levia- 
than 1 gas fields (Fig. 3.12). 

Along this composed line, the basin is limited to the 
North by a slope which is the high Cyprus Arc domain and 
to the South by the Leviathan ridge. From North to South, 
Oligocene and Miocene horizons show thickness variations 
with inversion basin structuring and subsidence migration 
between Senonian-Eocene and Oligocene and Lower 
Miocene and between Lower and Middle to Upper Mio- 
cene (Fig. 3.27). Basin block has been strongly tilted along 
N-S direction and northern border was uplifted by the 
compressional thrusting of Cyprus arc during Miocene 
time. 

Deep-seated sub-vertical strike slip faults bordered the 
northern and southern highs of the slopes and intra-basinal 
fault network affects Mesozoic and Cenozoic horizons. 
These faults are ancient normal faults of Mesozoic rift stage 
reactivated in reverse and thrust movements during Tertiary 
times creating the folding of Mesozoic and Tertiary horizons 
(Fig. 3.27). 

On E-W lines, the inversion and tilting of the basin block 
has been also detected. Tilting is generally occurred to the 
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Fig. 3.27 Eastern N-S uninterpreted structural seismic linked lines Е 
and G showing deep-seated and syn-sedimentary sub-vertical strike slip 
normal and reverse faults, Oligocene and Miocene unconformities, 


western side of the basin whereas eastern border played as 
high zone till Oligocene with pinch outs in Miocene. 


3.11.14 Seismic Sequence Stratigraphy 


3.11.14.1 Oligocene 

Early Oligocene horizons overlay Top Eocene ones by a 
strong erosive and angular unconformity in toplap which is 
well documented in the southern border of the basin 
(Fig. 3.28). 

Oligocene horizons are subdivided to 5 third order seis- 
mic sequences (OLI to OLS) limited at the base by downlap 
terminations and to the top by toplap and onlaps towards the 
slope border flanks of the basin (Fig. 3.28). 

Sequences show progradational horizons at the base of 
early lowstand deposits visible on the southern flank of the 
basin border. External and internal patterns of these 
progradational horizons are sigmoid and oblique (Fig. 3.28). 

Upper sequences terminate by canyons and channels 
configurations toplapped by toplap and onlap surfaces of 
transgressive and Maximum flooding surface overlain by 
highstand horizons. 

From sequences OLI to OLS, above the progradational 
patterns and laterally, occurred erosive surfaces of incised 
canyons of late lowstand stage infilling. These canyons are 
distributed along the seismic line as a storey type (Fig. 3.28). 
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southern and northern lateral axis subsidence migration and inversions 
(red arrows) 


Their internal reflection infilling horizons present complex, 
prograded, mounded and onlap fill types (Mitchum et al. 
1977). From lower sequences to upper ones and from 
southern and northern positions, they exhibit North to South 
and South to North directions of oblique downlap reflectors. 

Canyon position is also bounded by footwalls of faults 
(Fig. 3.28) as it is the case along E-W lines. The question is: 
what are the directions of these faults? If we refer to the 
structural map of Top Oligocene, these faults are mapped as 
WNW-ESE faults and could be visible in the two directions 
of seismic lines but with different angle of striking. Never- 
theless, there are also some N-S and NE-SW faults seen in 
the map. 

These vertical and lateral distributions of canyons from 
the lower sequence OLI to OLS show a lateral migration 
from the northern to southern part of the basin (Fig. 3.28). 
The latter indicates the sinuosity and the space-temporal 
evolution of the canyon progression in the basin. 

The canyons width range from 3 to 10 km with major 
sizes of 8-10 km reaching sometimes 15 km. The average 
axis thickness infill is about 150—300 m (Fig. 3.28). 

Seismic acoustic characters are marked by discontinuous 
reflectors with variable low to middle-high amplitude and 
low frequency. The most continuous reflectors exhibiting 
higher amplitudes are seen on the toplap horizons of trans- 
gressive system tracts and in some progadational reflectors 
(Fig. 3.28). 
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Fig. 3.28 Eastern N-S Geo-Seismic sequence stratigraphic section of 
lines F and G showing Oligocene and Miocene seismic horizons 
configurations with Lowstand prograding Downlaps, Transgressive 


3.11.15 Lower Miocene 


Seismic horizons package show thickening in the centre of 
the basin and strong reductions and pinch outs towards the 
northern Cyprus Arc folds and southern Leviathan ridge 
border slopes highs that are more defined than Oligocene 
time (Fig. 3.28). 

Lower Miocene basal horizons overlay unconformably 
late Oligocene horizons by an angular surface of toplap. The 
unconformity and reduction number of horizons are conse- 
quences of an Upper Oligocene inversion event that elevate 
the two border slopes and subside the central part of the 
basin as rim syncline. 

Lower Miocene horizons present the same 4 third order 
seismic sequences M1 to M4, limited at the base by downlap 
reflectors and to the top by toplap and onlap terminations 
(Fig. 3.28). 

The base of sequences shows a progradational sigmoidal, 
oblique and shingled reflectors of early lowstand deposits 
situated on the flanks of the northern and southern basin 
wedges slopes and mounded and sheet configurations to the 
centre of the basin (Fig. 3.28). 

Upper sequences of M1 to M4 present channels and storey 
incised canyons mainly in sequences M3 and M4 covered by 
toplap and onlap transgressive surfaces (Fig. 3.28). 

In the central part of the seismic line, sheet and mound 
configurations indicate a deep sea fan deposits. Their 
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average width is about 3 km and in axis thickness about 
100-150 m. 

Seismic reflectors present middle to good continuity and 
middle to high amplitudes. Frequency of horizons is low to 
high whereas more continuous and high amplitude reflectors 
characterize toplap limit sequence boundaries. 

Basal Middle Miocene Langhian deposits (blue horizons) 
overlay unconformably lowstand horizons of sequence M4 
representing its transgressive and highstand deposits 
according a progressive retrogradational опар parallel 
horizons towards the northern and southern basin wedge 
high slopes (Fig. 3.28). 


3.11.16 Middle-Upper Miocene 


Middle Upper Miocene horizons show thickening towards 
the northern side of the basin. Horizon packages parameters 
contrast with Lower Miocene ones by more transparent 
seismic facies and appearance of incised canyons and 
channels (Fig. 3.28). 

Third order sequence subdivisions show 5 to 7 sequences 
(M5 to M9) limited by toplap/onlap gradational and ret- 
rogradational horizons. 

Middle to Upper Miocene Serravallian horizons of basal 
sequence M5 overlay Langhian reflectors of M4 sequence 
according the basal toplap erosive unconformity, visible on 
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the two slope flanks of northern and southern borders of the 
basin. 

The base sequences present progradational horizons of 
sigmoid and mounded bodies (Fig. 3.28). Onlap reflectors 
are present on high flanks of the northern and southern slope 
wedges. 

Top sequences of show incised channels from sequence 
М6 to М9. They exhibit space-lateral migration from 
northern to southern parts of the basin. Infilling deposits 
configurations inside the canyons show mainly prograded 
and onlap fill types. 

Acoustic reflectors parameters exhibit general transparent 
facies, discontinuity and high frequency. The average 
thickness in axis is about 130-250 m whereas the width 
ranges from 3 to 10 km. 


3.11.17 N-S Central Area Line H 


3.11.17.1 Seismic Tectonics 

This М-5 line is running along the central part of the basin 
study area (Figs. 3.11 and 3.29). Oligocene and Miocene 
horizons are more strongly faulted and deformed than the 
western line H. 

According to the line H, the basin is limited to the North 
by a slope which suggest a back higher area of Cyprus Arc 
folds and to the South by the Leviathan ridge. From North to 
South, Oligocene and Miocene horizons present thickness 
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variations with inversion basin structuring and migration 
axis subsidence between Eocene-Oligocene and Lower 
Miocene as well as between Lower and Middle to Upper 
Miocene (Fig. 3.29). 

Basin block has been strongly tilted along N-S direction 
and northern border was uplifted by the compressional 
thrusting of Cyprus arc. 

Deep-seated sub-vertical strike slip faults bound the 
northern and southern highs of the slopes as well as and 
intra-basinal Mesozoic and Cenozoic horizons. These faults 
has been reactivated in reverse movements inducing the 
folding of Mesozoic and Tertiary horizons (Fig. 3.29). 


3.11.18 Seismic Sequence Stratigraphy 


3.11.18.1 Oligocene 

Despite the intensive deformations and faulting of horizons 
in this line, we tentatively tried to highlight the configura- 
tions and patterns of reflectors. 

Early Oligocene horizons overlie Top Eocene ones by an 
erosive toplap unconformity (Fig. 3.30) which is well 
exposed in the central and southern part of the basin. Under 
this unconformity, important incised canyon configurations 
are present as it was documented in the E-W and N-S pre- 
vious studied lines. Thus Upper Eocene horizons exhibit 
important incised canyons related to the important sea level 
fall of late Eocene (Haq et al. 1987; Vail et al. 1991). 


Cyprus-Latakia 


Line C Line B 


Fig. 3.29 Central N-S uninterpreted structural seismic line H showing syn-sedimentary sub-vertical normal and reverse faults, Oligocene and 
Miocene unconformities and northern lateral axis subsidence migration and inversion (red arrows) 
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Fig. 3.30 Central N-S Geo-Seismic sequence stratigraphic section of 
line H showing Oligocene and Miocene seismic horizons configura- 
tions with Lowstand prograding Downlap, Transgressive retrograding 


Oligocene horizons are subdivided to 5 third order Seis- 
mic Sequences (ОГА to OLS) limited at the base by downlap 
terminations and to the top by toplaps and onlaps towards 
the slope border flanks of the basin (Fig. 3.30). 

Sequences show basal progradational horizons identified 
on the northern and southern flanks of the slope basin bor- 
ders. External and internal corresponding patterns are sig- 
moid, oblique and mounded. 

Incised canyons are distributed from sequence OLI to 
OLS along the line with importance of size and frequency 
from the centre to the lower southern slope of the basin. 

Along this central N-S line, canyon position is also 
bounded by faults. The infilling horizons of the canyons 
show predominately onlap configurations: This is identified 
for the first time in comparison to the previous interpreted 
E-W and N-S lines. It can reflect a depositional significance 
in terms of infilling mechanism in distal position in the 
centre of the basin. 

Vertical and lateral distribution of canyons from the lower 
sequence ОГА to upper one OLS, show a lateral migration 
from the centre to the southern lower slope of the basin and 
from the southern slope to the center of the basin (Fig. 3.30). 
This migration indicates the sinuosity and the space-temporal 
evolution of the canyon progressions. 

Their width ranges from 3 to 5 km with single case in the 
central part of the basin that measure 10 km. The average in 
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axis thickness infill is about 150—350 m, occasionally 
reaching 600 m (Fig. 3.30). 

Seismic acoustic characters are greatly disturbed by faults 
and deformation of reflectors. Nevertheless, in general dis- 
continuous reflectors with low to middle-high amplitude and 
low frequency are defined. These acoustic parameters are 
similar to those of the Oligocene horizons of the previous 
studied lines in this central area of the basin. 


3.11.19 Lower Miocene 


Seismic horizons show thickening in the centre of the basin 
and strong reduction and pinch outs towards the northern 
and southern border slopes (Fig. 3.30). 

Lower Miocene basal horizons overlay unconformably 
late Oligocene horizons by a toplap angular surface. Hori- 
zons package is subdivided in 4 third order seismic 
sequences МІ to МА, limited at the base by downlap 
reflectors and to the top by toplap and onlap terminations. 

The base of sequences show a progradational sigmoidal, 
oblique and shingled bodies located on the flanks of the 
northern and southern basin wedges slopes. They are thicker 
and more developed on the southern slope (Fig. 3.30). 

Only upper sequence of M4 present channels and incised 
canyons toplapped by Langhian transgressive horizons. 
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Intensive deformations and faults do not allow to well 
identify these channels and canyons which should be present 
because they are already seen in the E-W direction on the 
intersection with lines C (Fig. 3.15) and D (Fig. 3.16). 

In the central part of the seismic line, internal sequence 
horizons present continuous parallel configurations with low 
to middle amplitude and low frequency reflecting sheets of 
deep sea fan deposits in the central part of the basin. They 
are extended along the entire basin floor. Toplap seismic 
reflectors of sequence boundaries show good continuity and 
high amplitudes. 

Basal Middle Miocene (blue horizons) overlies uncon- 
formably M4 lowstand reflectors and channels according to 
the same progressive retrogradational onlap parallel horizons 
towards the northern and southern basin wedge high slopes 
(Fig. 3.30). 


3.11.20 Middle-Upper Miocene 


Middle Upper Miocene horizons exhibit general transparent 
seismic facies than Lower Miocene. Incised canyons and 
channels are present (Fig. 3.30). 

Third order sequence subdivisions show 5 to 7 sequences 
(M5 to M9) limited by toplap/onlap gradational and ret- 
rogradational horizons. 

Middle to Upper Miocene Serravallian horizons of basal 
sequence M5 overlay langhian reflectors of M4 sequence 
according to the basal toplap erosive unconformity 
(Fig. 3.30). Above this surface, onlap terminations are well 
identified on the two high borders slopes. 

Downlap terminations are detected at the base of 
sequences, corresponding to the progradational system tracts 
of the sequence M5. The latter shows sigmoid and mounded 
reflection patterns. 

The summit of sequences show incised channels and 
canyons infill. They exhibit space-lateral migration to 
northern and southern parts of the basin (Fig. 3.30). 

Infilling deposit configurations are of prograded and 
onlap fill types. The average thickness in axis is about 200— 
350 m, the width ranges from 2 to 5 km. 

Acoustic reflectors parameters exhibit general transparent 
facies and high frequency in contrast to the underlined 
Lower Miocene horizons. They are more continuous on the 
flanks of slope borders and more discontinuous to the centre 
of the basin. 


3.11.21 М-5 Eastern Area Line | 

3.11.21.1 Seismic Tectonics 

This N-S line I is located to the eastern side of the study area 
(Figs. 3.11 and 3.31). The block basin is limited to the North 


M. Bédir and M. N. Aissaoui 


by a high where Oligocene and Miocene horizon packages 
present thickness reductions and pinch outs. To the Southern 
border of the basin, this reduction is more accentuated due to 
the high angle slope ridge of southeastern continental shelf. 

As in the previous N-S presented lines, tectonic inversion 
affected the basin between Eocene-Oligocene and Lower 
Miocene as well as between Lower and Middle to Upper 
Miocene (Fig. 3.31). Basin block has been strongly tilted 
along N-S direction and northern border was uplifted by the 
compressional thrusting. 

Tectonic deformations affect intensively Tertiary hori- 
zons. Deep-seated sub-vertical faults bound the northern and 
southern highs of the slopes as well as central-basin Meso- 
zoic and Cenozoic horizons. The border faults represent the 
rifting ancient normal faults of Triassic-Jurassic, removed in 
compressional movements inducing the folding of Mesozoic 
and Tertiary horizons in the borders and inside the basin 
(Fig. 3.31). 


3.11.22 Seismic Sequence Stratigraphy 


3.11.22.1 Oligocene 

Early Oligocene horizons overlay Top Eocene ones by a 
strong erosive toplap unconformity (Fig. 3.32) which shows 
important multistory incised canyons configurations, partic- 
ularly to the southern high slope of the basin which corre- 
sponds to the continental shelf of southeastern coastal 
margin of Syrian Arc. 

To the southern high ridge of the basin, Upper Eocene 
horizons show progradation features towards the basin slope 
overlain by important incised canyons probably corre- 
sponding to Upper Eocene clastic deep marine deposits as it 
was highlighted in the E-W and N-S lines (Fig. 3.32). 

Oligocene horizons are subdivided into 5 third order 
Seismic Sequences (OL1 to OLS) limited at the base by 
downlap terminations and to the top by toplaps and onlaps 
towards the slope border flanks (Fig. 3.32). 

Sequences show basal progradational horizons identified 
on the southern flank of the slope basin border exhibiting 
external and internal patterns of sigmoid, oblique and some 
mounded configurations. 

Incised canyons are distributed from sequence OLI to 
OLS from the centre to the southern and northern slope of 
the basin (Fig. 3.32). Along this central N-S line, canyon 
positions are also bounded by faults. The infilling horizons 
of the canyons show complex, prograded and chaotic types. 

Vertical and lateral distributions of canyons from the 
lower sequence OLI to upper sequence OLS show a stacked 
and storey types with lateral migration from the centre to the 
northern and to the southern lower slope basin. The canyons’ 
width ranges from 2 to 10 km and the average in axis 
thickness is about 100—300 m. 
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Fig. 3.31 Eastern N-S uninterpreted structural seismic line I showing deep-seated and syn-sedimentary sub-vertical strike slip normal and reverse 
faults, Oligocene and Miocene unconformities, southern and northern lateral axis subsidence migration and inversion (red arrows) 
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Fig. 3.32 Eastern N-S Geo-Seismic sequence stratigraphic section of 
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Despite the intensive tectonics of the area, we succeed to 
identify general discontinuous reflectors with low to middle 
variable amplitude and low frequency. 


3.11.23 Lower Miocene 


Seismic horizons are strongly folded and fractured, they 
show thickening in the centre of the basin and reductions and 
pinch outs towards the northern and southern border slopes 
(Fig. 3.32). 

Lower Miocene basal horizons overlay unconformably 
late Oligocene horizons by an angular surface. They are 
subdivided іп 4 third order seismic sequences МІ to M4, 
limited at the base by dowlap reflectors and to the top by 
toplap and onlap terminations (Fig. 3.32). 

The base of sequences shows a progradational sigmoidal 
and oblique patterns situated on the flanks of the northern 
and southern basin wedges slopes. Patterns are thicker and 
more developped on the southern lower slope. 

Internal sequence horizons present middle continuous 
configurations with middle to high amplitude and low 
frequency. 

Upper horizons of sequences МІ to M4 present incised 
channels and stacked and story canyons toplapped by 
transgressive horizons (Fig. 3.32). They are distributed as 
well as in the northern and southern low slopes. Their 
infilling reflectors are from complex type. Their width range 
from 3 to 10 km whereas the average in axis thickness infill 
is about 100—300 m. 

Seismic horizons are strongly folded and fractured, they 
show thickening in the centre of the basin and reductions and 
pinch outs towards the northern and southern border slopes 
(Fig. 3.32). 


3.11.24 Middle-Upper Miocene 


Middle-Upper Miocene horizons are subdivided in 5 to 7 
third order sequences (M5 to M9); limited by toplap/onlap 
gradational and retrogradational horizons (Fig. 3.32). 
Downlap progradations are located on the flanks of the 
southern and northern slope basin. They exhibit sigmoid and 
mounded bodies. Upper sequences show incised channels and 
storey canyons infill and are distributed according a space-lateral 
migration. Infilling deposit configurations inside the canyon 
present onlap and downlap reflectors. The average thickness in 
axis is about 100—200 m, the width ranges from 2 to 8 km. 
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Acoustic reflector's parameters exhibit general transpar- 
ent facies and high frequency in contrast to the underlained 
Lower Miocene horizons. They are more continuous on the 
flanks of slope borders and more discontinuous to the centre 
of the basin. Sequence boundary horizons are more contin- 
uous and of higher amplitude. 


3.11.25 Seismic Sequence Boundaries— 
Global-Eustatic Cycle Calibration 


As sequence boundary surfaces and systems tracts are con- 
trolled by eustatic sea level variations rather than tectonic 
subsidence for accommodation space of deposits and cli- 
mate. The previous highlights of sequence deposits limits 
and lowstand and highstand configurations will permit the 
comparison and the matching of second and third order 
sequence boundaries of Oligo-Miocene series of northern 
Levant basin study area to eustatic global chart (Haq et al. 
1987, 1988; Vail et al. 1991). 

The purpose and interest is to verify and improve the 
seismic sequence subdivisions and system tract for charac- 
terization and date lowstand reservoir levels. Despite no 
petroleum well is available in the study area, our seismic 
horizon calibration from southern Levant basin (Fig. 3.13) 
had permitted to frame the bases and tops of Oligocene and 
Miocene packages between Top Eocene, Top Oligocene and 
Base Messinian. This allows to calibrate the sequence 
boundaries remarkable surfaces and low and highstand 
system tracts of second and third order of Oligocene, Lower 
Miocene and Middle and Upper Miocene to second and third 
order eustatic global sea level cycle surfaces. 

After the identification of third order sequence boundaries 
and system tracts of Oligocene and Miocene horizons 
around the northern Levant basin, correlation with second 
and third eustatic cycles is proposed. 

As all the shelf slope borders of the basin present low- 
stand and highstand systems tracts, we selected for the 
correlation, a clear seismic sequence subdivisions and sys- 
tems tracts in the northern shelf slope flank border of Cyprus 
Arc where coastal onlaps and lowstand horizons are well 
identified in the N-S lines F and С (Figs. 3.27 апа 3.28). 

After Haq et al. (1987) cycle dates of second order 
sequence boundaries of Oligocene and Miocene correspond 
probably to chronostratigraphic line of 36 MY for Early 
Oligocene, 25 MY for base Early Miocene, 15,5 MY for 
Base Middle-Upper Miocene and 6,3 MY for base Messi- 
nian salt (Fig. 3.33). 
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Fig. 3.33 Identified Oligo-Miocene seismic sequence boundaries— global eustatic sea level cycles correlations 


Oligocene third order sequence boundaries of OLI to 
OLS are calibrated at the base by the Top Eocene-Early 
Oligocene second order erosive unconformity of 39,5 Mil- 
lions years (Fig. 3.33). 

Oligocene sequence boundaries are calibrated to eustatic 
global cycle chart as below: 


— OLI: Early Rupelian (36-33 Million years) 

— OL2: Middle-Upper Rupelian (33-30 MY) 

— OL3: Late Rupelian-Early Chattian (30-28,4 МҮ) 
— OLA: Early Chattian (28,4-26,5 MY) 

— OLS: Middle Chattian (26,5-25,5 МҮ) 


Lower Miocene sequence boundaries are calibrated as 
follow: 


— MI: Late Chattian-Middle Aquitanian (25-21,5 MY) 
- М2: Late Aquitanian (21,5-20 MY) 

M3: Late to Middle Burdigalian (20-18 MY) 

— М4: Late Burdigalian-Langhian (18-15,5 MY) 


Middle-Upper Miocene sequence boundaries from Top 
Langhian to Base Messinian are correlated to eustatic global 
chart as: 


— М5: Early Serravallian (15,5-14 MY) 
— M6: Middle Serravallian (14-12,5 MY) 
— M7: Late Serravallian (12,5-10,5) 

— MS: Early Tortonian (10,5-8,2 МҮ) 

- М9: Late Tortonian (8,2-6;3 МҮ) 


This proposed second and third order sequence 
boundaries correlation with chronostratigraphic eustatic 
sea level global chart from basin to coastal onlap scale and 
levels seem to be matching with the remarkable uncon- 
formity surfaces and seismic reflection configuration sys- 
tem tracts of Oligocene and Miocene horizons in the study 
area. 

These sequences are similar and equivalent to those that 
had been highlighted in the central Mediterranean North 
African onshore and offshore margin (Bédir et al. 1996; 
Houatmia et al. 2015; Bédir et al. 2016) 


3.11.26 Results and Discussions 
3.11.26.1 Tectono-Sedimentary and Reservoir 
Distribution Modelling 

According the mapping of the interpreted lowstand deposi- 
tional systems, siliciclastic reservoir system tracts present 
three Oligo-Miocene superposed systems from shelf domain 
to the basin floor one. They can be divided to three domains 
limited by deep seated faults. 


3.11.26.2 Oligocene 

After previous seismic stratigraphic analyses along E-W and 
N-S lines of Oligocene horizons around the study area and 
geologic data from outcrops and petroleum wells of the 
region, depositional system seems to be marked by progra- 
dational slope fan to deep sea fan lobe turbidites with incised 
channels and canyons. 
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System tract and paleogeographic synthetic mapping of 
third order Oligocene sequences OLI, OL2, OL3, ОГА and 
OLS highlights a distribution of Oligocene early and late 
lowstand progradational slope fans from eastern, western 
and northern shelf edges of the basin and southern ridges and 
deep sea fan basin floor lobes (Fig. 3.34). 

Lowstand incised canyons with levee overbank channels 
follow to the progradational slope fans and lobes through a 
strong erosive incision surfaces that cut the previous early 
system tracts and often the highstand horizons of lower 
sequences. They are distributed from eastern, western, 
northern and southern slopes basin borders to the central basin 
area. They present stacked, storey and multistorey canyons. 

Space-temporal migrations of canyons are documented 
along E-W and N-S directions. Foot walls of deep-seated 
WNW-ESE faults in the central basin, NE-SW ones in the 
eastern and western shelf borders and some N-S faults to the 
northern area of the basin constitute a privileged pathways 
for the channels and canyons locations. This figure is well 
recorded in the continental shelf margin of Lebanon and 
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Palestine (Fig. 3.35), where present day canyons follow 
NW-SE (Carmel fault) and Messinian salt NE-SW Tyre 
Rosh Hniqra fault (Ben-Avraham and Hall 1977; Carton 
et al. 2009). 

Proximal positions of the canyons are located along the 
upper slope domain characterized by complex, prograded 
and some chaotic infill, whereas distal canyons are dis- 
tributed from lower slope to the central basin marked by 
onlap infilling (Fig. 3.35). This distribution can be verified 
by their size. АП the integrated seismic parameters and 
regional data conduct to define depositional environments of 
variable middle to high hydrodynamic energy. 

The seismic stratigraphic and seismic tectonic data indi- 
cates that we are in presence of mainly forced fall lowstand 
scenario due to the great sea level fall of early Rupelian and 
Chattian periods conjugated to the Eocene compressional 
event that accentuated the reliefs and therefore the erosion 
through the folds of Syrian Palmyrides and Cyprus Arcs. 

Related Sedimentary facies and environments are mostly 
clastic deep water fan deposits and turbidites composed by 
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Fig. 3.34 Oligocene Early and Late clastic Lowstand depositional system tracts on time map 
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Fig. 3.35 Bathymetric map of Eastern shelf coast of Levant basin showing trace of NW trending Carmel fault on land (in red line), as well as 
subparallel normal fault scarps. Faults related to gravity spreading (salt tectonics) mapped in southern Lebanese offshore area are marked in yellow. 
Other active faults are in red lines. After Ben-Avraham and Hall (1977) and Carton et al. (2009), modified 


siltstones, sandstones, conglomerates, slumps, debris flows 
and mass flows intercalated by pelagic and hemipelagic 
mudstones as it was documented in drilled canyons in the 
eastern offshore coastline (Gardosh et al. 2008) and in 
outcrops. 

Synthetic depositional model lowstand map of progra- 
dational and incised canyons system tracts from multi-source 
continental feeders (Fig. 3.35) seems to highlights principal 
eastern, southeastern and northeastern sediment supply ori- 
gin along the continental shelf from Egypt and Leviathan 
high to the south to Syria and Turkey to the North. This 
proposed model is supported by presented previous geo- 
tectonic setting and depositional environment and strati- 
graphic data from outcrop and wells. 


3.11.26.3 Lower Miocene 

Two depositional distribution system tract maps have been 
established for each lowstand deposits; one for early low- 
stand and another for late lowstand synthetised in Figs. 3.36 


and 3.37. 


Lower Miocene depositional sedimentary environment 
show more lateral extension of progradational slope margin 
areas around the Levant basin. Early lowstand systems tracts 
of the four sequences M1, M2, M3 and M4 present upper to 
lower slope progradational submarine fans and deep sea 
basin floor lobes and sheets extending to the central basin 
floor area. 

Upper sequences depositional late lowstand tracts are 
represented by incised channels and canyons infill, smaller 
and less frequent than those of Oligocene. They are devel- 
oped preferentially in proximal areas near the margin bor- 
ders whereas they are less frequent in the central basin area 
in contrary of Oligocene canyons that are more developed 
and extended from the upper slope to the central basin area. 

These canyons present a single storey type in the central 
basin and stacked type along N-S eastern line I and southern 
and northern E-W lines (A and E) near the continental 
margins (Figs. 3.36 and 3.37). 

Lower Miocene canyons are guided by the same deep 
seated faults affecting the Oligocene horizons as mapped on 
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Fig. 3.37 Lower Miocene depositional clastic Late Lowstand system tracts on time structural map 
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Top structural map of Lower Miocene. They are in general 
of storey stacked and locally to the northern basin border 
multistorey types. They exhibit complex, prograded, onlap 
and chaotic infill. 

Sedimentary related facies and environments may be 
clastic slope fans and deep sea fan deposits of turbidites 
composed by siltstones, sandstones, debris flows, mass flows 
and mudflows. The grain size material should be finer than 
the Oligocene rocks because we are preferentially in normal 
lowstand stage unless for Tortonian sequences M7 and M8 
that could be from forced fall regression. 

These maps highlight similarities and changes in com- 
parison to the Oligocene one. Progradational and basin floor 
deposits are distributed around the same high edge borders 
of the basin with accentuation of prograding deposits that 
migrate and expand towards the central area of the basin 
(Figs. 3.36 and 3.37). 

Incised channels and canyons are present in different 
locations near eastern, northern, western and southern 
sides of the basin. This is due probably to the erosional 
supply deficiency according to the Oligocene situation, 
caused by more or less continental reliefs and erosions 
and sea level rise after the great Oligocene forced fall 
period (Fig. 3.33). 

To the central basin area, depositional system seems to 
range from progradational slope fan to deep sea fan lobe 
turbidites and rare incised distal channels and canyons. Even 
though, it could change towards the upper slope and shelf to 
marly and carbonated deposits as it is documented in coastal 
wells and interior outcrops along the eastern continental 
margin. 

Reconstructed sedimentologic and stratigraphic deposi- 
tional model from Lebanon outcrops (Hawie 2013) present 
similar continental shelf to basin floor depositional and 
system tracts model as presented here by seismic 
stratigraphic. 

Lower Miocene sandstone material sources and feeders 
reconstructed from outcrops and petroleum wells data 
(Gardosh et al. 2008; Hawie 2013; Plummer et al. 2013) had 
been presented as from southern Nile delta, northern and 
eastern continental coastal provenance (Fig. 3.38). 

In our study, we highlighted a western and northwestern 
Oligocene and Miocene source feeder from the 
Cyprus-Lattakia arc high for the first time in the northern 
Levant basin. 


3.11.27 Middle-Upper Miocene 


Middle-Upper Miocene sequence systems tracts have been 
divided into two maps of early stage lowstand and late 
lowstand distributions. 
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Early lowstand system tracts are characterized by 
progradational slope deposits along the shelf slope margin 
borders of the basin. They present general expansion 
towards the basin (Fig. 3.39). Submarine slope fans deposits 
of debris flow and turbidites could constitute these system 
tracts. Deep sea basin floor lobes fans and sheets occupy the 
central part of the basin as it was highlighted by seismic 
line’s amplitude analysis in the same basin (Hawie 2013). 

This model join the paleogeographic framework of Upper 
Miocene deposits reconstructed along the Lebanon eastern 
border outcrops which present a continent, shelf, slope and 
basin floor profile system tracts (Hawie 2013). 

Late lowstand system tracts of incised channels and canyons 
infill become more frequent and developed than the Lower 
Miocene ones. They are distributed along the margin slope 
basin and extended to the central part of the basin (Fig. 3.39). 
The latter is due to the sea level progressive fall since the 
Serravallian to Tortonian times (Fig. 3.33), which induced 
important erosions of the continental outcrops and improved 
supply material for the slope and the basin accommodation. 

These data seem to correspond to a forced fall lowstand 
type and thus they are near the Oligocene situation partic- 
ularly for Tortonian deposits. 

The synthesis of Oligocene and Miocene depositional 
lowstand systems tracts around the study area of northern 
Levant basin (Fig. 3.40) highlights three main superposed 
and shifted domains of reservoir systems related to the 
Upper slope, lower slope and basin floor zones. 


3.12 Conclusions 


Seismic stratigraphic study of Oligo-Miocene horizons of 
the northern Levant basin based on the analysis of eight 
selected E-W and N-S selected lines, lithostratigraphic out- 
crops analogues and wells data highlights the basin config- 
uration around the study area. 

Oligo-Miocene horizons are generally thicken in the 
central subsiding area of the basin with subsidence migra- 
tions along borders and thinner towards eastern, western, 
northern and southern slope flanks with angular disconti- 
nuities and pinch outs of Lower Miocene horizons, indi- 
cating more uplifted and resistant domains during this time. 

Basin borders are bounded by NE-SW and N-S 
deep-seated sub vertical strike slip normal and reverse 
faults and NW-SE ones in the central basin. These faults are 
inherited from the Mesozoic rifting stage and reactivated 
during Tertiary compressive orogeny events inducing the 
formation of surrounding Syrian and Cyprus Arcs fold belts 
and folding of the Oligo-Miocene section in the basin. These 
movements had induced basin inversions and subsidence 
lateral migrations between Eocene-Oligocene апа 
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Fig. 3.38 Lower Miocene reservoir provenance from surrounding outcrops of Northern Levant basin (yellow arrows) from Plummer et al. (2013), 
modified by adding subsurface reconstructed provenance from present seismic analysis of this work (orange arrows) 


Lower-Middle-Upper Miocene horizons according west to 
east and south to north directions. 

Tectonic events and deformations from Mesozoic her- 
itage to Neogene played an important role for the basin 
configuration and subsidence migrations on the system 
deposits distribution between slopes and basin, in addition to 
the eustatic sea level control. 

Oligo-Miocene infilling of the basin show 3 s order and 5 
Oligocene, 4 Lower Miocene, and 5 to 7 Middle-Upper 
Miocene third order seismic sequences, limited by regional 
erosive unconformity surfaces and by remarkable chronos- 
tratigraphic surfaces of alternated forced and normal erosive 
lowstand and highstand systems tracts separated by trans- 
gressive and maximum flooding surfaces correlabal to the 
global eustatic sea level cycles. 

The sequence boundary and LST, TST/MFS and HST 
surface horizons and their systems tracts has been tentatively 
correlated to the global eustatic cycle chart which permitted 
to define the second and third order sequence age. 


Early Lowstand seismic reflectors characteristics high- 
light a downlap prograding sigmoid, oblique shingled and 
mounded slope fans configurations and basin floor mounds 
and sheets large turbidites lobes, overlain and cut by late 
lowstand incised channels, canyons and levees infill. Hori- 
zontal toplap and onlap transgressive horizons and maxi- 
mum flooding surface cover lowstand horizons and are 
extended from the central basin to the upper slope edges. 

According the basin configuration of Oligocene and 
Miocene lowstand systems tracts distribution, principal 
source feeders seems to be from eastern, northeastern con- 
tinental shelf slopes, in addition to southern and new high- 
lighted western areas. 

The three age sequence systems tracts present superposed 
and shifted progradational shelf, slope and basin fan deposits 
reservoirs with space lateral migrations along E-W and N-S 
directions of storey to multistory channels and canyons. 

Incised Canyons and channels pathways seem to follow 
NE-SW and N-S footwall faults of shelf slope and central 
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Fig. 3.39 Middle-Upper Miocene Early Lowstand depositional clastic system tracts on time structural map 


basin NW-SE ones. Canyons and channels migrations indi- 
cates their important sinuous pathways geometries that seem 
to be obliquely directed to E-W and N-S seismic lines which 
is an additional argument for the WNW-ESE to NW-SE and 
NE-SW fault conduit role. 

The infilling of channels and canyons is marked by com- 
plex, prograded, chaotic and onlap deposits indicating low to 
high hydrodynamic energy of the cut- fill-built and spill 
mechanisms that could be an argument to differentiate proximal 
to distal position from Oligocene to Middle-Upper Miocene. 

The size of channels and canyons of Oligocene ranges 
from 3 to 5, 10 and 15 km width with an average thickness 
between 100 and 350 m, sometimes reaching 1500 m 
whereas size of channels and canyons of Miocene ranges 
from 3 to 10 km width and 100—300 m infill thickness. 
Locally, near proximal feeders to the northeastern Turkish 
shelf of the basin, canyons are bigger and stacked as mul- 
tistory extending from Oligocene to Lower Miocene show- 
ing in axis infill from 500 to 800 m. Lower Miocene 





deep-sea mound lobes can reach 3 km width and 100-150 m 
in axis thickness. 

Highlighted Oligo-Miocene reservoir depositional envi- 
ronment distribution of horizontal and vertical succession 
framework and tectonic structuring allow to have a variety of 
Hydrocarbon stratigraphic and structural traps as it was 
proven by several gas and oil fields discoveries in the 
southern Levant basin and Cyprus offshore. Structural traps 
are assured by folds and normal and reverse faults closures 
whereas stratigraphic ones present several traps of 
onlap/toplap transgressive sandstone and marl pinch outs, 
unconformity surfaces, downlap slope fan sandstone chan- 
nels, lobes, sheets and mound deep sea fan turbidites 
reservoirs closures. Oligocene and Miocene petroleum sys- 
tem is charged by Mesozoic thermogenic source rocks and 
also Oligo-Miocene biogenic ones and sealed by the Mes- 
sinian evaporites. Based on seismic tectonic reconstructions, 
deep-seated Faults represent the main hydrocarbon migra- 
tions pathways (Fig. 3.41). 
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Fig. 3.40 Middle-Upper 
Miocene Late Lowstand 
depositional clastic system tracts 
on structural time map 


Fig. 3.41 Reconstructed 
synthetic reservoir fair map of the 
study area showing the main 
Oligocene and Miocene 
Lowstand potential clastic 
reservoir system paleogeographic 
domains 
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Abstract 

We present a source-to-sink (525) study of the 
Plio-Pleistocene deposits in the Suez rift (Egypt). We used 
stratigraphic record and quantitative geomorphology to 
constrain relief evolution in а rift setting from a 
high-resolution database at basin-scale (~ 300 km x 100 
km) including, digital elevation model, outcrop and 
subsurface data. The stratigraphic architecture shows 
five main stages ranging from rift initiation to tectonic 
quiescence (Oligo-Miocene) plus а post-rift stage 
(Plio-Pleistocene). We quantified sediment accumulation 
history and analysed the relationship between catchment 
and sediment supply for the Plio-Pleistocene (post-rift 
stage). The results of the source-to-sink study for the 
post-rift stage were then compared to previous estimations 
for the main rifting stages. We show that the sediment 
supply dynamics of the Plio-Pleistocene deposits of the 
Suez rift records a renewed uplift ca. 5 Myr ago. However, 
we also show that a major climate shift related to the 
Pliocene revolution was most probably coeval to reach the 
magnitude of accumulation observed. 
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4.1 Introduction 

Source-to-sink (525) approaches integrate the domains in 
erosion, transport and deposition of sediment routing sys- 
tems as a single dynamically linked system. These approa- 
ches are fundamental to understand the controls of each of 
the three sub-systems and their feedbacks (e.g. Einsele et al. 
1996; Allen 2008; Somme et al. 2009; Pechlivanidou et al. 
2017). However gathering the data necessary to constrain the 
three domains for a single sedimentary system can be very 
challenging as it requires the characterization of the entire 
sedimentary basin that is to say isopach and paleogeographic 
maps, timelines calibrated in absolute ages, timing of 
deformation and, ideally, constraints on evolution of reliefs 
and drainage systems through time. These data allow for the 
quantification of the sedimentary budget of the basin, that 
have been implemented in various types of basins (e.g. 
Einsele et al. 1996; Rouby et al. 2009; Guillocheau et al. 
2012). Paleo-relief and erosion dynamic models have also 
been successfully applied (Kennan et al. 1997; Babault et al. 
2005; Barnes and Heins 2009). Nevertheless, as ancient 
reliefs and drainage systems are not usually preserved, their 
characterization remains very challenging at geological time 
scales. The joint characterization of the catchments and the 
deposits resulting from their erosion is more often possible 
for the present-day systems (e.g. Syvitski et al. 2003; Eide 
et al. 2017). Using these relationships and the associated 
sedimentary budget, we can somewhat infer the dynamic of 
erosion and paleo-reliefs. Nevertheless, the down-system 
grain size fining is usually poorly known and still limits the 
determination of the proper relationship between sediment 
supply and erosional processes in the catchments (Whitakker 
et al. 2010; Hampson et al. 2014). Consequently, break- 
throughs in source-to-sink approaches of sediment routing 
systems can only happen once the three domains, erosion, 
transport and deposition are well characterized at 
basin-scale. 
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Well-constrained S2S case study are extremely rare but 
the Suez rift is a good candidate because it is a “closed 
system" where the material eroded in the catchments has 
been entirely trapped in the sedimentary basin. We expanded 
the detailed database established by Rohais et al. (2016) for 
the Plio-Pleistocene to characterize the evolution of the 
sediment routing system since the Miocene. The description 
of the sediment supply dynamic and high-resolution accu- 
mulation history at basin-scale have been used to discuss the 
associated paleo-reliefs evolution. 


4.2 The Suez Rift 


The Suez rift is the NW-SE-trending branch of the Red Sea 
rift system (Fig. 4.1), resulting from the late Oligocene to 
early Miocene rifting of the African and Arabian plates 
(Garfunkel and Bartov 1977). It is bounded by large-scale 
normal fault zones (ca. 40—80 km long and ca. 2-6 km 
offset, Fig. 4.1b). The polarity of the major faults varies 
along the rift axis, dividing the rift into three 50-100 km 
long sub-basins (Colletta et al. 1988; Patton et al. 1994; 
Moustafa 1996): (1) the northern Darag basin with northeast 
dipping major faults (Fig. 4.16), (ii) the Central basin 
(Belayim province) with southwest dipping major faults, 
and, (ii) the Southern basin (Amal-Zeit province) with 
northeast dipping major faults (Figs. 4.1 and 4.2). The 
sub-basins are separated by two major accommodation zones 
ca. 20-km wide (Colletta et al. 1988): the Zaafarana and the 
Morgan accommodation zones (Fig. 4.2). 

The stratigraphic succession of the Gulf of Suez includes 
(1) pre-rift, (1) syn-rift and (1) post-rift deposits (Fig. 4.3). 
(1) The pre-rift comprises a Precambrian Pan-African crys- 
talline basement unconformably overlain by a 1-km thick 
succession of Cambrian to Eocene sedimentary rocks pro- 
gressively thinning southward. They are sub divided into 
three units (e.g. Moustafa 1976; Garfunkel and Bartov 
1977): (1) the “Nubia Sandstones” mostly consist of fluvial 
sandstones (Cambrian to Early Cretaceous), (2) the Late 
Cretaceous mixed carbonate-siliciclastic succession and 
(3) the Paleocene-Eocene carbonate-dominated succession 
(Fig. 4.3). (п) Red-bed deposits record the transition from 
pre-rift to syn-rift (Tayiba and Abu Zenima Formations) and 
are usually attributed to the Oligo-Miocene (Fig. 4.3). The 
overlying Miocene syn-rift succession is subdivided into the 
Gharandal Group (Nukhul, Rudeis and Kareem Formations) 
of mixed depositional environments, and the RasMalaab 
Group (Belayim, South Gharib and Zeit Formations) domi- 
nated by evaporites (Egyptian General Petroleum Corpora- 
tion (EGPC) 1964; Fig. 4.3). (iii) Catchments feeding 
post-rift depositional systems developed on both pre-rift and 
syn-rift deposits. The post-Zeit, post-rift succession (Wardan 
and Zaafarana Formations; Figs. 4.3 and 4.4) is attributed to 
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the Plio-Pleistocene (e.g. Abd El Shafy 1990). The mean 
tectonic subsidence was estimated ca. 31 mm/kyrat that time 
(Bosworth et al. 1998). 


4.3 Data and Method 


We expanded the database of Rohais et al. (2016) for the 
Plio-Pleistocene deposits taking into account previous find- 
ings for this time interval (e.g. Said 1962, 1990; Abdel 
Salam and El-Tablawy 1970; Fawzy and Abdel Aal 1984; 
Abd El Shafy 1990; Gheith and El-Sherbini 1993; Alsharhan 
and Salah 1995, 1998; Rioual 1996; Orszag-Sperber et al. 
1998). It includes high resolution digital topographic data, 
aerial maps, 279 subsurface wells, 31 sedimentological 
outcrop sections and published geological, structural, iso- 
pach and paleogeographicmaps and cross-sections (see 
Rohais et al. 2016 and references herein). 

We followed a seven steps workflow: five steps analyse 
the “sink” domain and two addresses the "source". 


(1) From outcrop analysis, geological mapping, biblio- 
graphic review, seismic interpretation and well cor- 
relation we build structural maps of the basin 
(Fig. 4.2). 

(1) We then correlated key stratigraphic surfaces across 

the basin using a sequence stratigraphy analysis 

(Figs. 4.4 and 4.5). 

From control wells, outcrop sections and published 

3D geological models (Barrois et al. 2010; Barrois 

2011), we build isopach and lithological maps using 

the present day structural framework (Fig. 4.6). 

We estimated the relative proportion of siliciclastics 

(shales, sandstones, conglomerates), carbonates (car- 

bonates and offshore mudstones) and evaporites (an- 

hydrite and halite) deposits using an automatic image 
analysis on both the lithological maps and the cross 
sections (Table 4.1). We differentiated two 
end-members (maximum and minimum) and a mean 
scenarios to estimate the uncertainties associated with 
each lithologic component. From this, we estimated, 
for each time step, the volumes of each lithology and 
corrected them from remaining porosity using the 

method of Poag and Sevon (1989). 

(v) To allow for the computation of accumulation rates 
and sediment supply (Table 4.1), we then calibrated 
the main stratigraphic surfaces into absolute ages. We 
used the few biostratigraphic constrains available and 
assumed that the major sequence boundaries were 
correlated to the ones of the International Commission 
on Stratigraphy (ICS) stratigraphic chart that includes 
the synthesis by Hardenbol et al. (1998), Haq and 
Al-Qahtani (2005) and Gradstein et al. (2012). 


(iii) 


(iv) 
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Fig. 4.1 a Geodynamic setting 
of the Gulf of Suez. Major 
elements including the Aqaba- 
Levant intra-continental 
transform boundary, the 
Bitlis-Zagros convergence zone 
and the Red Sea—Gulf of Aden 
are highlighted. The red rectangle 
shows the Gulf of Suez that 
corresponds to the NW 
termination of the Red Sea. Light 
blue corresponds to present day 
marine setting (modified after | 

Rohais et al. 2016 and references ` G u If of S uez 
herein). b Structural cross-section ; Figure 2 

of the Suez rift illustrating the ` 
large scale tilted block structure 


of the Darag Basin (modified after A R A B | A N 
Colletta et al. 1988). Blue arrows Я 
indicate the present day shoreline y P L A T E 


В PRE-RIFT | ]Posr-RiFT 
BASEMENT [| SYN-RIFT 





(vi) For the source areas, we quantified the drainage supply (Qs) for each catchment from its relief (R, m) 
catchments characteristics (relief, area, length, slope, and catchment area (A, km’) according to the empiric 
bedrock lithology). To do this, we used the Hydrology law: 
toolset from the Spatial Analyst toolbox available in 
ArcGIS on the 30 m resolution digital topographic Qs = aR??? A! (4.1) 


data from ASTER GDEM (http://reverb.echo.nasa. Қ? = ee ae 
cov/reverb/), as well as aerial maps (WGS 1984 UTM Where o = Beg™=2x 10° МЕТ) with Ва 
Zone 36 N, https://www.microsoft.com/maps/). constant of proportionality depending on the climate 
(vii) From the present day climatic setting and catchment (ЭУУИ8КІ ane Morehead 1999), o the grain са 
morphological parameters, we used ће method of (2650 kg/m”); g the acceleration due to gravity (9.8 m/s^). 
Syvitski et al. (2003) to predict a the oretical sediment Using these catchment characteristics, we then estimated the 
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Fig. 4.2 Structural map of the Suez rift and location of the dataset used 
in this study. Hatched areas indicate major accommodation zones 
separating from north to south: the Darag basin, the Central Basin and the 
Southern Basin. Red lines show the cross-sections presented in Fig. 4.5 


S. Rohais and D. Rouby 


water discharge (Q) from the empirical relationship between 
discharge (Q) and catchment area (A) of Syvitski et al. 
2003): 


Q = аА (4.2) 


where o1, and о2 are constants determined using a regres- 
sion analysis of a large river database. We used a1 = 0.51, 
and «2 = 0.7 defined for the north tropics (Syvitski et al. 
2003). We verified these estimations with the present day 
river sediment supply in the Suez rift. 

Assuming the drainage system remained constant 
throughout the Gulf of Suez history, we extrapolated the 
estimation of the theoretical Qs since the Miocene, using 
similar parameters. 


4.4 Sink: Sedimentary Budget 

for the Plio-Pleistocene 
4.4.1 Stratigraphic Architecture and Age Model 
For the sedimentology апа lithostratigraphy of the 
Plio-Pleistocene sequence of the Suez rift, we used previous 
works by Said (1962, 1990), Abdel Salam and El-Tablawy 
(1970), Fawzy апа Abdel Aal (1984), Abd ЕІ Shafy (1990), 
Gheith and El-Sherbini (1993), Alsharhan and Salah (1995, 
1998), Bosworth and Taviani (1996), Rioual (1996), 
Orszag-Sperber et al. (1998) and Ali et al. (2010). However, 
the calibration in absolute ages within the Plio-Pleistocene 
succession remains poorly constrained, especially for the 
offshore domain (e.g. Ali et al. 2010). The base of the 
WardanFm is interpreted as the base Pliocene (ca. 5.3 Ма) 
overlying the ZeitFm attributed to the Messinian (Abd El 
Shafy 1990). Above, the boundary between the Wardan and 
Zaafarana Formations is commonly attributed to the 
Plio-Pleistocene boundary (ca. 2.5 Ma) based on very lim- 
ited biostratigraphical constrains (Abd El Shafy 1990; 
Gheith and El-Sherbini 1993; Orszag-Sperber et al. 1998; 
Ali et al. 2010). 

Using stacking pattern analysis, we identified correlated 
at rift scale seven units: from PQI for the earliest Pliocene to 
PQ7 for the most recent Quaternary (Figs. 4.4 and 4.5). We 
defined the stratigraphic architecture using six lithologies: 
carbonates (including reef and platform s.l. deposits), shales 
(silty-rich from protected to restricted deposits and mud-rich 
for offshore deposits), sandstones (including fan delta, 
shallow marine, and turdiditic deposits), conglomerates (in- 
cluding alluvial fan and proximal fan delta deposits), anhy- 
drite, and halite (mainly from lagoon and saline to sabkha 
depositional settings). The PQI unit comprises deep basinal 
facies preserved along the basin axis organized in aggrading 
to backstepping trend (Fig. 4.5). It corresponds to a starved 
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Fig. 4.3 Simplified stratigraphic 
column of the Suez rift (modified 
after Rohais et al. 2016 and 
references herein). The present 
study is focused on the post-rift 
series including the Wardan and 
Zaafarana Formations. See 

Fig. 4.5 for lithology colour code 
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Age model 
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Fig. 4.4 Synthetic stratigraphic framework of the Plio-Pleistocene of 
the Suez rift. Lithologies are constrained from calibration wells. Silty 
rich for restricted deposits in green versus mud rich for offshore 
deposits in light blue. Transgressive system tracts are shown in blue, 
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highstand and falling stage system tracts are shown in red, lowstand 
system tracts are shown in orange. The age model is derived from the 
Hardenbol et al. (1998), Haq and Al-Qahtani (2005) and Gradstein 
et al. (2012) stratigraphic charts 
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Fig. 4.5 Transversal cross-section of the rift flattened on the present 
day topography showing a the main depositional units and b the main 
lithology. E-W cross section of the Central Basin flattened on the 


carbonate platform along the basin margins and a shallow 
siliciclastic deposits along the main accommodation zones. It 
records a progressive northward flooding of the Suez rift. 
The base of PQ2 is a major sequence boundary (Fig. 4.4). 
The PQ2 unit is characterized by thick halite deposits, 
associated to anhydrite-rich and restricted deposits, and is 
preserved in the Central basin (Fig. 4.5). These deposits 
were interpreted as marginal, semi-restricted lagoonal 
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present day topography showing c the main depositional units and d the 
main lithology within the. Sections cross-cut at well 13. See Fig. 4.2 for 
location 


settings (Alsharhan and Salah 1998). As a difference, shal- 
low platform deposits are preserved in the Southern basin, 
isolating the restricted Central Suez rift from the Red Sea 
whereas siliciclastics deposits prevailed in the northern 
Darag basin (Fig. 4.5). The PQ3 unit is characterized by 
basinal to marginal facies organized in a prograding trend 
(Fig. 4.4). It recorded a single pulse of carbonates: a 
widening of the patch reef and carbonate platform in the 
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Table 4.1 Results of the sedimentary budget characterization for the Plio-Pleistocene deposits of the Suez rift. The preferred scenario is 
highlighted in grey. See text for further explanation 


Formation | Unit | Estimated duration | Preserved Carbonate Evaporite Mean Sediment supply at 
(Myr) Volume at rift | accummulation rate accummulation rate rift scale (km3/Myr) 
scale (m/Myr)Porosity (m/Myr) Porosity corrected 
corrected 
Age Duration | Km3 Preferred Max. | Min. | Preferred Max. | Min. | Preferred Max. Min. 
(Ma) (Myr) 
Zaafarana | PQ7 0-0.4 0.4 1164 55.0 56.5 44.8 832 260.7 187 942.9 1005.6 | 848.9 
PQ6 0.4-0.8 0.4 994 55.8 60.3 43.8 829 235.0 159 820.4 8591 7514 
PQ5 0.8-1.65 0.85 1938 78.2 80.9 766 86.9 124.3 38.8 738.7 781.2 702.0 
РО4 1.65-2.5 0.85 2497 59.4 66.1 468 112.0 243.8 72.3 881.4 1042.6 | 724.0 
Wardan PQ3 2.5-52 07 1565 64.4 74.3 62.0 42.6 48.7 5.8 798.0 879.2 681.0 
PQ2 3.2-4 0.8 1614 97.7 116.7 506 57.7 191.3 233 678.1 871.2 605.6 
PQI | 4-53 1.3 3033 84.4 86.5 61.0 44.5 184.9 16.7 898.3 922.4 | 878.2 


Darag basin (Fig. 4.5). The PQ4 unit is characterized by 
m-thick halite intervals associated to anhydrite-rich and 
restricted deposits preserved in the Darag basin (Fig. 4.5). 
As a difference with the PQ2 interval, there is no evidence 
for halite occurrence in the Central basin at that time. The 


PQ4 unit records the maximum backstep of the most 
restricted and evaporative depositional environment of the 
Plio-Pleistocene. The PQ5, PQ6 and PQ7 units correspond 
to basinal facies alternating with thin (m-scale) anhydrite 
layers organized in an overall prograding trend (Figs. 4.4 
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and 4.5). Over this period, siliciclastics including turbidites 
dominates the deposition in the Central basin and the 
western Darag basin whereas, in the Southern basin, a 
shallow platform facing an open marine environment to the 
south (Red Sea) developed, including evaporite, reefs and 
lagoonal deposits during lowstand periods. A longitudinal 
N-S depositional gradient then prevailed along the basin axis 
(Fig. 4.5). 

To calibrate stratigraphic surfaces bounding these units in 
absolute ages, we used the ICS stratigraphic chart based on 
the synthesis by Gradstein et al. (2012; Fig. 4.4). We 
interpreted the high evaporite contents of PQ2 and PQ4 units 
as lowstand system tracts. Using ICS stratigraphic chart, we 
attributed the base of PQ2 unit to the 4 Ma sea-level drop 
(Za2), the top of PQ2 unit to the 3.2 Ma sea-level drop (Pia 
1), the base of PQ4 unit to the 2.5 Ma sea-level drop 
(Wardan to Zaafarana boundary, Gel) and the top the PQ4 
unit to the 1.65 Ma sea-level drop (Cala 1). Тһе PQ5, РО6 
and PQ7 unit calibration in absolute ages is poorly con- 
strained and remains speculative. Nonetheless, as MIS22 and 
MIS12 are the two major sequence boundaries of this time 
interval, we attributed the base of the PQ6 unit to the 0.8 Ma 
sea-level drop and the top of the PQO unit to the 0.4 
Masea-level drop. Our calibration is consistent with the 
recent work of Jackson and Rotevatn (2013) in the Central 
basin of the Suez rift. 


4.4.2 Lithology and Paleogeography Evolution 


As the Miocene, the Plio-Pleistocene shows alternating 
(1) overfilled phases with a transversal E-W depositional 
gradient from the rift margins to the basin axis (mainly 
highstands, Fig. 4.6b), and (ii) underfilled phases with a 
longitudinal N-S depositional gradient along the basin axis 
(mainly lowstands, Fig. 4.6c). 

During highstands, the Darag basin shows a simple tilted 
block configuration, with a single alluvial to fan delta system 
fed by large catchment areas on the western (high-relief) 
footwall, and a starved shorelines with small isolated fan 
deltas, small patch reefs and isolated carbonate platforms on 
the eastern (low-relief) hanging wall (Fig. 4.6b). As a dif- 
ference, during lowstands, the Darag basin was subaerially 
exposed with lagoonal to restricted depositional environ- 
ments along the basin axis. Evaporites were locally pre- 
served in small depocenters (Fig. 4.6c). 

The Central basin had a similar configuration than the 
Darag basin with an inverse polarity: hanging wall to the 
west and footwall to the east (Fig. 4.6). During highstands, a 
10-20 km wide bajada to alluvial fan system developed on 
the first tilted blocks of the western margin (low-relief 
hanging wall; Fig. 4.6). Small patch reefs and isolated 
platforms formed along starved shoreline as well. Large 


S. Rohais and D. Rouby 


alluvial to fan delta systems (Wadi Baba, Feiran, Belayim) 
formed along the eastern margin (high-relief footwall) and 
fed turbidite systems preserved in the basin axis. As a dif- 
ference, during lowstands, the Central basin was partially 
subaerially exposed. The basin axis showed lagoonal to 
restricted environments with large alluvial to fan delta sys- 
tem derived from the eastern margin (Fig. 4.6c). 

In the Southern basin, during highstands, 10—20 km wide 
bajada to alluvial fan systems formed along the rift shoulder 
and on the first set of tilted blocks (Zeit, Esh El Mellaha and 
El Qaa plains, Fig. 4.6b). They evolved into fan delta and 
starved shorelines prograding into lagoonal to open sea 
environments. Reefs and isolated carbonate platforms 
developed on tilted block crests and along starved shoreli- 
nes, preferentially along the western margin where sediment 
supply from the catchments are stored and controlled by the 
tilted block crest (Zeit, Esh El Mellaha, Fig. 4.6). The basin 
axis preserved moderately deep deposits (50-80 m water 
depth). As a difference, during lowstands, the Southern basin 
was partially subaerially exposed with lagoonal to restricted 
environments in the basin axis. Evaporites were locally 
preserved in small depocenters (Fig. 4.6c). As suggested by 
seismic data, a carbonate platform is suspected to the south 
(towards the Red Sea; Rioual 1996). 


4.4.3 Isopach Maps and Sediment Supply 

The main Plio-Pleistocene depocenters are fairly similar to 
the Late Miocene ones (Rohais et al. 2016) with nonetheless 
(1) an additional major depocenter in the Darag basin 
(Fig. 4.6a) and (i1) an overall tilt of the basin axis northward 
during the Plio-Pleistocene (Fig. 4.5). The Darag and Cen- 
tral basins preserved most of the sediments and the Southern 
basin subsided at a lower rate, probably in response to the 
Aqaba transform fault activity. 

We estimated the total volume of Plio-Pleistocene sedi- 
ments ca. 12,800 km? and the incremental accumulated 
volumes of PQ1 to PQ7 units for each lithology are shown in 
Table 4.1 (the remaining porosity correction was estimated 
between 30% at the base Pliocene and 40% at the top 
Quaternary for siliciclastics). 

The carbonate accumulation rate is relatively constant 
over the Plio-Pleistocene (ca. 60-70 m/Myr, Fig. 4.7) апа 
similar to the Miocene (Rohais et al. 2016). It is consistent 
with previous estimations that also suggested stable type of 
carbonates in the Suez rift over the whole the 
Plio-Pleistocene (Burchette 1988; Bosence et al. 1994). The 
carbonate accumulation rate also ranges in worldwide values 
published for the 0.5—2 Myrtime interval (Davies 1988; Enos 
1991). 

The evaporite accumulation rate is relatively low during 
the Plio-Pleistocene (70-80 m/Myr) with nonetheless an 
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Fig. 4.7 Accumulation rates of evaporates and carbonates (km°/Myr) 
and mean sediment supply from siliciclastics (km°/Myr) for the 
Plio-Pleistocene deposits. The chronostratigraphy and sea-level curve 
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acceleration during PQ4 (112 m/Myr; Table 4.1). The val- 
ues are consistent with Miocene accumulation rates (Rohais 
et al. 2016) as well as previous estimations for the 0.5-2 Myr 
time interval (Decima and Wezel 1973; Enos 1991). 

The sediment supply (Qs) ranges from 650 to 950 km°/ 
Myr during the Plio-Pleistocene (Fig. 4.7, Table 4.1). 
Taking into account the uncertainties, rates increased during 
the early Pliocene (PQ1) and decreased slightly during PQ2. 
They increased again progressively back to the previous 
rate during the late Pliocene (PQ3 and PQ4), decreased 
slightly during the early Pleistocene (PQ5) before increasing 
to the maximum rate at the end of the Pleistocene (PQ6 and 


РО7). 


4.5 Source: Geomorphological 
Characteristics 


We analyzed the present day catchment areas on aerials 
photos and a Digital Elevation Model (DEM) from which we 
extracted the catchments characteristics using the Hydrology 
toolset of ArcGIS with a 20 Кіп? cut-off for merging smallest 
catchment areas. We identified 68 catchments with an outlet 
feeding the Suez rift (Fig. 4.8) for which we measured (1) the 
relief (R) between the outlet and the maximum elevation in 
the catchment, (1) the catchment area (A), (1) the dominant 
lithology of the catchment bedrock (basement, siliciclastics 
or carbonates) using the geological map (EGSMA 1981), 
(iv) the location of the outlet (Darag, Central or Southern 
basins) and (v) its tectonic setting (footwall or hanging wall). 
For catchments larger than 20 km", and if occurring, we also 
measured the mean slope of the alluvial fans and/or bajadas 
(Gf, m/m), their areas (Af) and their bedrock lithology. 
Results are shown in Table 4.2 and Fig. 4.9. Out of the 68 
catchments, 13 do not have fan at the outlet and deliver 
sediments directly to the sea. 

At rift scale, the mean catchment relief 15 about 850 m 
(from 124 to 2511 m), the mean area about 450 km? (from 
21 to 3290 km?) the mean fan slope about 0.02 m/m (from 
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0.005 to 0.05 m/m) and the mean fan area about 210 km? 
(from 2.5 to 1455 km^). This mean fan area is very large 
because most of the alluvial to fan delta system correspond 
to bajada in the Suez rift. Indeed, the Baba, Rudeis, and Sidri 
fan deltas, that could be considered as typical fan deltas, 
have an mean area of са. 70 km^. Hereafter, we use the term 
fan for both alluvial and fan delta. 


4.5.1 Alluvial to Fan Delta Systems 

The fans located on the footwalls of the three sub-basins 
(Darag, Central and Southern) show а similar fan 
gradient/area relationship (triangles on Fig. 4.9a), different 
than the fans located on the hanging walls (squares on 
Fig. 4.9а), excluding the fans located in the Central basin. 
The steepest fan systems are located in the hanging wall of 
the Southern basin whereas the gentlest are located in the 
hanging wall of the Darag basin. Steeper systems develop 
from crystalline basement, and gentlest from 
siliciclastic-dominated catchments (Fig. 4.9b). For crys- 
talline basement catchment, fans are steeper on the hanging 
wall (e.g. Southern basin) whereas, for a more erodible 
bedrock (e.g. siliciclastics) fan are steeper in the footwall 
(e.g. the Miocene, the recent alluvial and/or the poorly 
consolidated Paleozoic siliciclastic rocks of the Darag 
basin). The extracted dataset indicates that the fan slope 
depends on the catchment area by a negative power law, in 
agreement with the results of Bull (1964), Hooke (1968) and 
Saito and Oguchi (2005) (Figs. 4.9c, d; Table 4.3). 


4.5.2 Catchment Areas 


The catchment relief (R, m) relates to the catchment area (A, 
km’) by a positive power law (Table 4.3) that does not seem 
impacted by the tectonic setting or the bedrock lithology 
(Fig. 4.9e, f). The hanging wall of the Southern basin does 
however show a specific behavior, that is out of the dataset 
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Fig. 4.8 Simplified geological 


and structural map showing the e 

dominant lithology, size and pF resent Gay sed 
shape of present day catchments. Present day shoreline 
See Table 4.2 for the quantified -—— Present day 


parameters Alluvial fan 


Inferred - Minor 
Ext. Fault 
Transfer Fault 


Extensional 
Fault 


Catchment lithology 


ШШЩ Carbonate dominated 
| . | Siliciclastic dominated 
ЕЕ crystalline basement 


§ G5) Catchment (Nb) 


с а È a в а * 
ез па па па аа па аг ева 
e б e e e 


© 
o 
e 


DAB: Darag Basin 

ZAAZ: Zaafarana 

Accommodation Zone 

CEB: Central Basin | ; 4 

МОА?: Morgan аты: л 4 Red Sea 
Accommodation Zone : 

SOB: Southern Basin 





4 Source-to-Sink Analysis of the Plio-Pleistocene Deposits ... 125 


Table 4.2 Database extracted using the Hydrology toolset from the Spatial Analyst toolbox developed in ArcGIS for the Suez rift. The relief (R, 
m) corresponds to the maximum altitude in the catchment minus the altitude of the outlet 


Catchment Fan Setting 
N? Relief (m) Area (km2) Dominant lithology in the Fan gradient Fan area (km2) Type Tectonic 
catchment (m/m) domain 
1 1569 694.0 Crystalline basement 0.0115 721.3 Bajada SOB-FW 
2 748 102.9 Crystalline basement 0.0156 265.5 Bajada SOB-FW 
3 1304 594.5 Crystalline basement 0.0110 336.0 Isolated SOB-FW 
4 168 87.1 Crystalline basement 0.0180 17.7 Bajada SOB-FW 
5 956 1055.2 Crystalline basement 0.0100 845.6 Bajada SOB-FW 
6 124 78.2 Crystalline basement 0.0154 125.1 Bajada SOB-FW 
7 709 226.4 Crystalline basement 0.0095 333.1 Bajada SOB-FW 
8 318 50.4 Crystalline basement 0.0384 68.1 Bajada SOB-FW 
9 691 905.5 Crystalline basement 0.0088 455.0 Bajada SOB-FW 
10 650 787.4 Crystalline basement 0.0117 1021.0 Bajada SOB-FW 
11 934 375.8 Crystalline basement 0.0168 598.9 Bajada SOB-FW 
12 298 82.0 Crystalline basement 0.0135 230.2 Bajada CEB-HW 
13 533 1081.0 Crystalline basement 0.0156 451.0 Bajada CEB-HW 
14 361 29.7 Crystalline basement 0.0132 197.6 Bajada CEB-HW 
15 485 1015.0 Crystalline basement 0.0206 331.0 Bajada CEB-HW 
16 362 63.6 Crystalline basement 0.0205 129.1 Bajada CEB-HW 
17 455 81.0 Crystalline basement 0.0170 249.2 Bajada CEB-HW 
18 1216 807.0 Crystalline basement 0.0129 1273 Bajada CEB-HW 
19 174 21.2 Carbonate dominated 0.0163 85.7 Bajada CEB-HW 
20 1069 173.0 Carbonate dominated 0.0191 19.3 Bajada CEB-HW 
21 442 45.5 Carbonate dominated 0.0204 26.2 Bajada CEB-HW 
22 1114 86.8 Carbonate dominated 0.0173 9.9 Bajada CEB-HW 
23 903 111.1 Carbonate dominated 0.0291 2.5 Bajada CEB-HW 
24 524 87.3 Carbonate dominated 0.0350 77.4 Bajada DAB-FW 
25 964 3289.7 Carbonate dominated 0.0120 1455.0 Bajada DAB-FW 
26 929 44.0 Carbonate dominated 0.0171 159.1 Bajada DAB-FW 
24 1083 146.1 Carbonate dominated 0.0163 47.3 Bajada DAB-FW 
28 1241 169.2 Carbonate dominated DAB-FW 
20 1180 140.1 Carbonate dominated DAB-FW 
30 1011 3035.0 Carbonate dominated 0.0153 378.0 Bajada DAB-FW 
31 756 1338.1 Carbonate dominated 0.0111 140.4 Bajada DAB-FW 
32 765 136.6 Carbonate dominated 0.0263 15.0 Bajada DAB-FW 
33 588 175.7 Carbonate dominated 0.0180 47.3 Bajada DAB-FW 
34 683 1791.6 Siliciclastic dominated 0.0057 253.1 Bajada DAB-HW 
35 625 223.0 Carbonate dominated DAB-HW 
36 590 204.8 Carbonate dominated 0.0057 28.1 Bajada DAB-HW 
37 236 64.1 Carbonate dominated DAB-HW 
38 690 226.2 Carbonate dominated 0.0091 15.2 Bajada DAB-HW 
39 262 97.3 Carbonate dominated DAB-HW 
40 822 728.7 Carbonate dominated 0.0046 62.1 Bajada DAB-HW 
41 267 190.1 Carbonate dominated DAB-HW 


(continued) 
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Table 4.2 (continued) 


Catchment 

42 1024 1351.2 Siliciclastic dominated 
43 374 259.3 Carbonate dominated 
44 1145 956.1 Siliciclastic dominated 
45 630 154.1 Carbonate dominated 
46 845 171.0 Carbonate dominated 
47 1021 406.1 Siliciclastic dominated 
48 211 43.5 Siliciclastic dominated 
49 644 130.0 Siliciclastic dominated 
50 596 78.2 Siliciclastic dominated 
51 1282 767.2 Siliciclastic dominated 
52 1517 1163.7 Siliciclastic dominated 
53 476 70.1 Carbonate dominated 
54 2511 1951.4 Crystalline basement 
55 486 125.8 Carbonate dominated 
56 418 126.5 Carbonate dominated 
57 469 52.9 Crystalline basement 
58 2360 1499.7 Crystalline basement 
59 1963 52.9 Crystalline basement 
60 1928 224.8 Crystalline basement 
61 1959 122.5 Crystalline basement 
62 1051 32.6 Crystalline basement 
63 1776 177:2 Crystalline basement 
64 973 58.4 Crystalline basement 
65 1074 86.6 Crystalline basement 
66 861 34.0 Crystalline basement 
67 818 74.6 Crystalline basement 
68 397 55.2 Crystalline basement 


cluster and characterized by high catchment reliefs and rel- 
atively low catchment areas (Fig. 4.9e). This may be related 
to the combined effects of the crystalline bedrock, the tec- 
tonic setting and the vicinity of the Sinai Peninsula where 
important uplift occurred. Indeed, uplift along the Gulf of 
Suez increased southward on the Sinai Peninsula but 
remained more stable on the Egyptian side (Garfunkel 1988). 


4.5.3 Predicting the Sediment Supply 
and Discharge 


Using Eq. (4.1), we estimated the predicted total sediment 
supply produced by the Suez rift catchments at about 
970 km"/Myr which is remarkably similar to the value 
determined from the PQ7 (0—0.4 Ma) unit volume (about 
940 km"/Myr; ranging from 850 to 1000 km"/Myr). 

Using Eq. (4.2), we estimated the mean water discharge at 


rift scale between 1500 and 1800 m?/s during the 
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Fan Setting 
0.0052 58.0 Isolated DAB-HW 
0.0114 17.3 Bajada DAB-HW 
0.0144 11.2 Isolated DAB-HW 
DAB-HW 
CEB-FW 
CEB-FW 
CEB-FW 
CEB-FW 
CEB-FW 
0.0137 55.8 Isolated CEB-FW 
0.0193 68.1 Isolated CEB-FW 
CEB-FW 
0.0125 78.4 Isolated CEB-FW 
0.0226 9.6 Bajada CEB-FW 
0.0243 11.5 Bajada CEB-FW 
0.0522 15.0 Bajada CEB-FW 
0.0153 833.4 Bajada CEB-FW 
0.0165 153.5 Bajada SOB-HW 
0.0233 148.8 Bajada SOB-HW 
0.0223 201.6 Bajada SOB-HW 
0.0326 167.6 Bajada SOB-HW 
0.0288 40.9 Bajada SOB-HW 
0.0253 93.9 Bajada SOB-HW 
0.0285 55.9 Bajada SOB-HW 
0.034 85.7 Bajada SOB-HW 
0.0236 105.6 Bajada SOB-HW 
0.0366 103.4 Bajada SOB-HW 


Plio-Pleistocene (variations are small with respect to uncer- 
tainties; Fig. 4.10, Table 4.4). These values are consistent 
with present-day hydrographic study of Geriesh et al. (2004) 
for the Suez rift. 


4.5.4 Estimating the Plio-Pleistocene Relief, 
Catchment Size and Uplift Rate 


We used the relative proportion of each catchment area to 
the total sediment supply (Qs) at present day to (1) estimate 
the past sizes of catchments (during time intervals PQI to 
PQ7) assuming they had the present-day relief. (11) Alterna- 
tively, we estimate past reliefs of catchments assuming they 
had the present-day area (Fig. 4.10, Table 4.4). We esti- 
mated uncertainties in our calculation from the uncertainties 
associated to the sediment supply quantification. 

Assuming the catchment areas remained constant 
throughout Plio-Pleistocene, the estimated mean relief of 
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Fig. 4.9 Characterization of the catchment areas (Source) in the Suez 
rift. a Relationship between the fan gradient (m/m) to the fan area (km?) 
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Table 4.3 Regression coefficients established in Figure 9; Gf = o4 Af ^. Gf = о; А; В = о А 


a. Fan gradient (Gf, m/m) versus Fan area (Af, km2) 


a3 
Southern Basin - SOB 
Footwall - FW 0.046 
Hangingwall - HW 0.0626 
Central Basin - CEB 
Footwall - FW 0.041 
Hangingwall - HW 0.0262 
Darag Basin - DAB 
Footwall - FW 0.0386 
Hangingwall - HW 0.0218 
Carbonate basement 0.0307 


a4 


-0.214 
-0.185 


-0.184 
-0.094 


-0.165 
-0.304 
-0.125 


r2 


0.3924 
0.1518 


0.3461 
0.408 


0.3678 
0.5648 
0.4256 
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128 


Table 4.3 (continued) 

a. Fan gradient (Gf, m/m) versus Fan area (Af, km2) 
Crystalline basement 0.0799 
Siliciclastic basement 0.0207 

b. Fan gradient (Gf, m/m) versus Catchment area (A, km2) 


S. Rohais and D. Rouby 


a5 
Southern Basin - SOB 
Footwall - FW 0.0701 
Hangingwall - HW 0.0434 
Central Basin - CEB 
Footwall - FW 0.1202 
Hangingwall - HW 0.018 
Darag Basin - DAB 
Footwall - FW 0.0429 
Hangingwall - HW 0.0169 


c. Catchment relief (R, m) versus Catchment area (A, km2) 


a7 

Southern Basin - SOB 

Footwall - FW 28.502 
Hangingwall - HW 170.21 
Central Basin - CEB 

Footwall - FW 46.426 
Hangingwall - HW 173.43 
Darag Basin - DAB 

Footwall - FW 740.07 
Hangingwall - HW 55.696 
Carbonate basement 82.309 
Crystalline basement 220.29 
Siliciclastic basement 257.05 


-0.286 0.4511 
-0.263 0.3347 
хб 12 

-0.288 0.6032 
-0.114 0.0974 
-0.94 0.7723 
-0.006 0.0012 
-0.152 0.4483 
-0.0169 0.0727 
98 r2 

0.536 0.5558 
0.4419 0.3098 
0.5182 0.9016 
0.2294 0.2645 
0.029 0.0233 
0.3966 0.6081 
0.358 0.5026 
0.239 0.1798 
0.1896 0.2129 


catchment remained similar to the present-day (about 
850 m) over that period (variations are small with respect to 
uncertainties; Fig. 4.10). Assuming the catchment relief 
remained constant throughout Plio-Pleistocene, the esti- 
mated mean catchment remained similar to the present-day 
(450 Кт?) over that period (variations are small with respect 
to uncertainties; Fig. 4.10). 

These estimations suggest relief remained at equilibrium 
throughout the Plio-Pleistocene, (uplift rate balanced by 
erosion rate). We can therefore estimate the mean uplift rate 
at about 0.03 km/Myr (+/— 0.0025) during the last 0.4 Myr 
from е present-day total catchment area (about 
31,000 km”) and the most recent sedimentary supply (PQ7, 
0-0.4 Ma, about 940 km"/Myr). This rate is three times 
lower than the maximum uplift estimated on tilted block 
crest of the southern Suez rift for the Pleistocene (about 
0.1 km/Myr in the Gebel Zeit area; Bosworth and Taviani 
1996; Plaziat et al. 1998). It is however consistent with the 


mean uplift values estimated at basin-scale ca. 0.01— 
0.06 km/Myr by Plaziat et al. (1998) for the Pleistocene. 


4.6 Discussion 
4.6.1 The Pliocene Revolution? 


We bring here our estimations of accumulation rates for the 
Plio-Pleistocene in perspective with the estimations for the 
Oligo-Miocene of the Suez rift by Rohais et al. (2016; 
Fig. 4.10). Over that period, the sediment supply followed 
an expected trend during a rifting. From the rift initiation to 
the rift climax phases, sediment supply increased rapidly (up 
to almost 1400 km"/Myr at the end of the RudeisFm depo- 
sition). It then decreased down to ca. 50 km"/Myr during the 
late to latest syn-rift phases that corresponds to a subdued 
tectonic (Kareem, Belayim and South GharibFms; 
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Fig. 4.10 Mean accumulation rates of evaporites, carbonates and 
siliciclastics sediment supply (km*/Myr) and cumulative tectonic 
subsidence. The grey area includes all the wells analyzed for estimating 
the cumulative tectonic subsidence (modified from the wells analyzed 
by Moretti and Colletta 1987; Richardson and Arthur 1988). The 
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Cumulative tectonic subsidence 
(compaction corrected, 
sediment load corrected) 


Estimated mean 
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at rift scale (m3/s) 
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to rift narrowing 


chronostratigraphy and global sea-level curve are after Gradstein et al. 
(2012). The present day values for the mean relief (847 m) and mean 
catchment area (454 km?) are represented with dash lines. See text for 
further information 


Table 4.4 Results for the estimated mean relief (m), mean catchment area (km?) and mean discharge (km?/Myr) at rift scale based on the 
sediment supply (Qs) quantification and using the relationships of Syvitski et al. (2003). See text for further explanation 


Formation Interval Estimated duration 


Mean discharge at rift 


Mean catchment size at Mean Relief at rift 


(Myr) scale (m3/s) rift scale (km2) scale (m) 
Age Duration Preferred Max. Min. | Preferred Max. Min. | Preferred Мах. | Min. 
(Ma) (Myr) 
Zaafarana | PQ7 0-0.4 0.4 2136 2337 16844 432 491 350 833 870 777 
PQ6 0.4-0.8 0.4 1758 1875 |1554 |327 358 274 1759 753 716 
РО5 0.8-1.65 0.55 1518 1641 1413 265 296 239 1708 735 684 
PQ4 1.65-2.5 0.85 1943 2459 1476 377 528 254 796 891 699 
Wardan PQ3 2.5-3.2 0.7 1691 1937 1354 308 375 225 1745 795 671 
РО? 3.2-4 0.8 1346 1912 1149 223 368 178 669 790 620 
PQI 4-5.3 1.3 1996 2071 1933 392 413 374 807 821 794 
Zeit Zeit Upper 5.3-6.2 0.9 423 546 104 43 61 6 385 435 197 
Zeit Lower 6.2-7.2 1 764 918 527 |99 129 59 511 557 428 
South South Gharib Upper 7.2-9.5 2.3 67 71 15 3 3 0 161 165 |79 
Gharib ^ South Gharib Lower | 9.5-11.8 2.3 37 57 |2 |1 2 0 120 149 27 
Belayim Belayim-B1 Hammam 11.8-12.1 0.3 1289 1495 1042 210 259 155 655 703 592 
Faraun 
Belayim-B2 Feiran 12.1-12.6 0.5 181 229 |89 13 18 5 257 288 184 
Belayim-B3 Sidri 12.6-13.1 0.5 612 680 504 72 84 22 459 483 419 
Belayim-B4 Baba 13.1-13.6 0.5 133 192 |52 8 14 2 222 265 142 
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Table 4.4 (continued) 


Formation Interval Estimated duration 


Mean discharge at rift 


S. Rohais and D. Rouby 


Mean catchment size at Mean Relief at rift 


(Myr) scale (m3/s) rift scale (km2) scale (m) 
Age Duration Preferred Мах. Min. | Preferred Max. | Min. | Preferred Мах. | Min. 
(Ma) (Myr) 

Kareem Кагеет-К І top Shagar | 13.6-14.3 | 0.7 568 608 480 65 72 51 443 458 409 
Kareem-K2/K1 14.3-14.8 0.5 1058 1161 888 158 ISI 123 596 622 549 
Markha/Shagar 
Kareem-K2 middle 14.8-15.3 0.7 550 647 445 64 78 46 440 472 395 
Markha 
Kareem-K2 base 15.3-15.8 | 0.5 959 1036 797 138 154 106 5069 590 521 
Markha 

Rudeis Rudeis-R1 15.8-16.7 0.9 3671 3863 3219 936 1006 776 1078 1105 1013 
Rudeis-R2 16.7-17.6 | 0.9 2924 3276 2609 676 795 575 967 1021 916 
Rudeis-R3 17.6-18.5 0.9 2061 2293 1792 410 478 336 819 862 766 
Rudeis-R5 19.6-20.4 | 0.8 1439 1726 1166 245 318 182 690 753 624 

Nukhul Nukhul-Nul 20.4-21.2 | 0.8 372 383 328 36 37 30 362 367 341 
Nukhul-Nu2 21.2-22.1 |0.9 236 270 179 19 23 13 292 211 256 
Nukhul-Nu3 top Shoab 22.1-23 0.9 507 568 459 55 65 48 420 443 401 
Ali Mb. 

Langhian-Serravalilan-Tortonian) However afterwards, thicknesses not corrected from remaining porosity that could 


during the post-rift, sediment supply unexpectedly peaked 
up again up to almost 900 km°/My in the lower Pliocene 
(POI) and remained between 650 апа 850 km"/Myr 
throughout the Plio-Pleistocene, 1.е. within values similar to 
the rifüng climax. Experimental and numerical modeling 
(e.g. Bonnet and Crave 2003; Rohais et al. 2012) suggest 
that the increase of the uplift rate in the catchment areas 
could produce this increase in sediment supply. This 
increase in uplift rate is also consistent with the post-rift 
renewal of tectonic subsidence documented in the sedi- 
mentary basin from backstripping methods (Fig. 4.10). 

The similar amplitude of sediment supply during rift 
climax (Burdighalian) and post-rift (Plio-Pleistocene) phases 
could suggest similar uplift rates assuming similar catchment 
areas and reliefs. However, the Pleistocene uplift rate esti- 
mated at basin-scale or along the crest of tilted block in the 
Southern basin (ca. 0.01-0.1 km/Myr; Bosworth апа 
Taviani 1996; Plaziat et al. 1998) 1s 2-80 times lower than 
the uplift rate estimated during the rift climax (Steck- 
ler 1985; Garfunkel 1988; Steckler et al. 1988; Steckler and 
Omar 1994). We therefore suggest an additional control on 
the Plio-Pleistocene increase of the sediment supply. 

Peihzen et al. (2001) suggested a global-scale increase in 
accumulation of coarser sediments 2-4 Myr ago triggered by 
the “Pliocene revolution", i.e. а shift from a relatively stable 
climate during the Miocene to a high frequency glacial/ 
interglacial oscillating one in the Plio-Pleistocene. This inter- 
pretation should be moderated because it is based on sediment 


introduce up to 50% uncertainties in volume estimation in the 
recent deposits because they undergo major porosity changes 
in the first 500-1000 m of burial. Nonetheless, our estimations 
in the Suez rift are corrected from remaining porosity and their 
increase is coeval with the occurrence of this global climate 
shift. The amplitude and magnitude of the phenomenon 
remain nevertheless to be determined. 

Evaporites accumulation rates at rift scale are a proxy for 
the long-term aridification in the Suez rift during the Late 
Miocene and of the Plio-Pleistocene high frequency climatic 
changes (Fig. 4.10). However, the stratigraphic resolution is 
no sufficient to identify high frequency trends in accumu- 
lation rates as expected between glacial/interglacial periods. 
These trends have been however documented in the Corinth 
rift with accumulation values for the lowstand glacial peri- 
ods 6096 higher than during interglacial highstand periods 
(Collier et al. 2000). These high frequency sediment supply 
oscillations produced an overall increase of the mean sedi- 
ment supply over the Plio-Pleistocene. This suggests that the 
increase in sediment supply in the Suez rift at that time 15 
consistent with the transition to glacial/interglacial oscilla- 
tions during the “Pliocene revolution". 


4.6.2 Additional Feedbacks 


The accumulation history during the rift evolution could also 
be used to discuss and refine the calibration in absolute age 


4 Source-to-Sink Analysis of the Plio-Pleistocene Deposits ... 


of some poorly constrained of the stratigraphic horizons. 
Indeed, the accumulation peak at the end of the BelayimFm 
deposition may be related to an underestimation of the 
duration of that time interval rather than to an actual increase 
in siliciclastic sediment supply. It is in fact coeval of a peak 
in in situ carbonate accumulation, that is peculiar and 
unexpected as both types of accumulation should evolve in 
opposite phase. Assigning an 11.5 Ma to the transition 
between Belayim and South GharibFm (instead of 11.8 Ma) 
would divide the estimated accumulation rate by two. These 
updated siliciclastic and carbonate accumulation rates would 
be more consistent with the estimations for the previous and 
following periods and their geodynamic context (tectonic 
quiescence). This would however not alter significantly the 
accumulation rates for the following South GharibFm 
deposition period since the duration of that interval would be 
reduced by only 13.596. Avoiding any circular reasoning, 
this illustrates how 525 analyses may also provide additional 
constraints and feedbacks on the age model by highlighting 
accumulation rate anomalies in the frame of a well-known 
basin evolution. 


4.6.3 Limits of the Approach 


This study illustrates a workflow allowing quantification of 
the sediment supply dynamics in a sedimentary basin and its 
discussion in term of sediment production from the catch- 
ment areas (erosion) We estimated the relief and the 
catchment area over the rift evolution (from the rift initiation 
to the post-rift) assuming stable catchments at rift scale both 
in terms of size and erodability. For erodability, we assumed 
a constant lithology value during the rift evolution. Many 
studies however demonstrated rapid catchment area growth 
and variations in similar tectonic contexts (Bishop 1995; 
Attal 2009; Bonnet 2009; Willett et al. 2014). Surface pro- 
cess modeling (SPM) would provide a tool to integrate the 
catchment variability in the evaluation of the sediment pro- 
duction through time. Also, to constrain paleo-climate 
modeling, the runoff, precipitations and temperatures evo- 
lution during the rift history could be estimated using the 
approach of Syvitski et al. (2003), that has been recently 
updated by Eide et al. (2017). 

To fully discuss the sediment supply dynamics during the 
basin history, we showed that sediment budget should be 
quantified at high resolution, at least in the same order of 
duration than response time of the system to a given control 
(glacial/interglacial climate oscillations for example). 
Otherwise, sediment supply dynamics might be misinter- 
preted (climate versus tectonic). For example, in this study, 
the increase in sediment supply at the Miocene/Plio- 
Pleistocene transition may be interpret just in terms of tec- 
tonic change (non-transient uplift increase), missing the 
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climatic signal (“Pliocene revolution"). Also, estimating 
sediment supply for even duration time step throughout the 
basin evolution would avoid trends related only to scaling 
and allow a discussion of the response times between the 
areas of sediment production and accumulation. In that 
respect, a major limit to this work is lack of biostratigraphic 
constraints within the Plio-Pleistocene. Concluding remarks 
of this paper should therefore be updated by future works on 
biostratigraphy or absolute dating. 


4.7 Conclusion 


We studied the Plio-Pleistocene evolution of the Suez rift 
using an integrated S2S approach from the sedimentary 
basin (“sink”) to the upstream catchment area ("source"). 


(1) The quality of the dataset 15 critical to undertake this 
type of studies: the geometries, facies and lithologies of 
deposits, their calibration in absolute ages as well as the 
type and timing of deformation need to be addressed to 
allow for the sedimentary budget quantification. Also, 
the sediment routing system needs to be as closed as 
possible to avoid loss (or gain) of sediments between the 
sources and the sinks. In situ production and remaining 
porosity must be properly corrected to extract the sili- 
ciclastic sediment supply that is the only one relevant to 
discuss the catchment dynamics. First-order constraints 
on the location and size of sediment sources and on the 
sediment routing systems can be derived from geologi- 
cal mapping. A quantification of the siliciclastic sedi- 
mentary budget can then provide first order constraints 
on paleo-reliefs. Nevertheless, deformation or climate 
driven changes in regional drainage patterns requires 
numerical experimentation using surface-process mod- 
els to be integrated in the analysis. 

Quantitative geomorphology analysis of the most recent 
systems allowed determining the relationships between 
sediment supply and catchment properties (area, relief, 
gradient, lithology). Assuming the present day config- 
uration is representative of the past basin evolution in 
the Suez rift, those relationships were used to assess the 
first order relief dynamics at geological time-scale. It 
also provided first-order estimations of temperature, 
runoff and precipitations very useful in past climate 
modeling. 

The sediment supply dynamics of the Plio-Pleistocene 
deposits of the Suez rift shows a renewed uplift ca. 
5 Myr ago. Nonetheless, a major climate shift related to 
the Pliocene revolution was most probably coeval to 
reach the magnitude of accumulation observed. To 
decipher the relative contribution of uplift or climate, 
the sediment budget should be quantified at higher 


(2) 


(3) 
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resolution (time steps lower than the system response 
time), although surface process modeling (SPM) might 
also help address this question. 
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Abstract 

This chapter provides an overview of data-compilation, 
recently published, as well as newly collected data on the 
structure and evolution of Southern Atlas front in Tunisia. 
The Northern Chotts Range, one of most geologic 
features in southern Atlas, separates a dominantly 
deformed area of Gafsa to the north, from a relatively 
undeformed area of Chotts basin and Saharan platform to 
the south. The Cenozoic contractional period shapes a 
chain with mixed thick- and thin-skinned tectonic style, 
controlled by deep-seated basement faults with shallower 
décollement within the sedimentary cover. The 
present-day general “en echelon” fold distribution of the 
overall Northern Chotts Range, the age and the geometry 
of units, are likely the surface expression of the “en 
echelon” WNW- to- NW-trending faulting, which con- 
trols the fold’s emplacement and style. These systems 
usually exhibit a fault kinematics, with striation showing 
a multiphase history. During Mesozoic times, the exten- 
sional activity of WNW- to- NW-trending normal faults is 
associated with significant thickness and/or facies varia- 
tions comprising abundant syntectonic sequences. The 
growth of major synsedimentary typical normal fault 
systems, which produce a general framework delivering 
tilted blocks basin geometry, displays well-developed 
half-graben fill and large rollover structures along the 
southern Atlas. The Northern Chotts Range is, therefore, 
considered as the results of the Mesozoic inherited faults 
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reverse-reactivation. The Chotts basin was previously 
considered as a large anticline related to the Cenozoic 
compressional events to explain the gentle deep observed 
“antiform structure". It was, therefore, marked as the 
far-foreland of the southern Tunisian Atlas. Like many 
other inverted margin, extensional inherited structures are 
still preserved in the southern Tunisian Atlas. The Chotts 
preserves Mesozoic extensional structures, of which the 
so-called Chotts anticline is defined in this study as large 
inherited rollover structure. The subsequent tertiary 
compressional front will be, therefore, repositioned in 
the Northern Chotts Range Front. 


Keywords 
Tectonic inversion * Sequential restoration * Tethyan 
rifting ° Chotts basin • Southern Atlas * Tunisia 


5.1 Introduction 

The relative motions between Africa and Europe have 
recorded, in Tunisian Atlas, a kinematic evolution of a 
long-living Alpine foreland structure. In northwestern 
Africa, the Maghrebian fold-and-thrust belt extends about 
2000 km from Morocco to Tunisia. This chain, which define 
the Atlas orogen, is acknowledged as one of some 
type-example of intercontinental chain (Ziegler et al. 1995; 
Guiraud 1998; Beauchamp et al. 1999; Frizon de Lamotte 
et al. 2000; Laville et al. 2004; Roure et al. 2012; Gharbi 
et al. 2015). This belt result from polyphase tectonic history 
related to the collision between Africa and Eurasia started at 
about 70 Ma (Roure and Colletta 1996; Вгасепе and Frizon 
de Lamotte 2002; Guiraud et al. 2005; Said et al. 2011b; 
Frizon de Lamotte et al. 2011; Masrouhi and Koyi 2012; 
Roure et al. 2012; Masrouhi et al. 2014a, b; Van Hinsbergen 
et al. 2014; Gharbi et al. 2015; El Amari et al. 2016). The 
complex geodynamic history shaped this belt, records 
mainly two major periods. The first one of Mesozoic rifting 
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occurred after the late Paleozoic collision with Laurasia, 1s 
followed by passive margin stage defined the Tethyan 
Mesozoic evolution. A second Cenozoic period during 
which active compressional tectonic prevailed from Late 
Cretaceous to present-day (Ziegler et al. 1995; Piqué et al. 
2002; Laville et al. 2004; Guiraud et al. 2005; Said et al. 
2011b; Roure et al. 2012; Gharbi et al. 2013, 2015; El Amari 
et al. 2016). This period is responsible for the major uplift in 
the evolution of the belt overprinting the inherited Tethyan 
structures during successive stages. The overprinting of two 
different large-scale system is expressed in the Southern 
Atlas of Tunisia by multidirectional structures. 

Different tectonics reconstructions and/or models were 
made to explain the multidirectional structures along the 
Southern Atlas of Tunisia. Previous studies of the structural 
styles in southern Atlas of Tunisia distinguish four different 
models and can be summarized as follows: (1) *en echelon 
folds related mainly to the NW-trending dominant strike slip 
faults (Zargouni 1984; Zargouni et al. 1985; Abbés and 
Zargouni 1986; Burollet 1991; Abbés et al. 1994; Bédir et al. 
2001) (ii) recent thrust systems deformed the sedimentary 
cover with a preferential decollement level localized in the 
Triassic evaporites themselves separate the sedimentary 
cover from the rigid ante-Mesozoic basement (Outtani et al. 
1995; Ahmadi et al. 2006, 2013) (ш) active Mesozoic salt 
diapirism nucleated the subsequent fold location (Hlaiem 
1999; Zouaghi et al. 2011) (iv) reactivation of preexisting 
Mesozoic inherited faults coupled to variable distribution of 
sequences led to identify a shallow decollement levels and 
recorded deep basement fault inversion at depth (Gharbi 
et al. 2013, 2015; El Amari et al. 2016). 

This paper summarizes the tectono-sedimentary data 
acquired during the last decade in the South Atlas front of 
Tunisia. Data are coupled to new seismic interpretation to 
reconstruct the tectonic style and deformation history of the 
far-foreland of Tunisia. Sequential restoration has been 
developed to consider the style of extension during the 
Mesozoic times. The extension amount is calculated 
(amount of extension/Time) for keys-periods to precise the 
rift stage expansion of the southern Tethyan margin in 
Tunisia. 


5.2 Geological Setting 


5.2.1 Structural Pattern 

The Atlas Mountains, that extends from Morocco to Tunisia, 
is a fold-and-thrust belt (named by authors the Maghrebides 
belt) formed during the alpine orogeny. The eastern part of 
this belt (Fig. 5.1a) lies the Tunisian domain including: 
(1) the Tellian domain in the north which corresponds to the 
Alpine Tellian thrust range. This orogen consists, in its 
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Tunisian portion, of thrust sheets transported southeastward 
during Middle Miocene paroxysmal compressional event. 
(ii) In the south, the Tunisian Atlas is divided into three 
domains, so-called by authors as the Northern, the Central, 
and the Southern Tunisian Atlas. 

Major NW-trending lateral strike-slip faults (Gafsa and 
Negrine-Tozeur, Fig. 5.1b) are recognized in the southern 
Tunisian Atlas fold-and-thrust belt. They were structurally 
connected to the present-day distribution of folds during the 
70s and 805 reconstructions. The 100-km-long Gafsa’s 
dextral strike-slip fault is а NW-trending system, which cuts 
the Bou Ramli, Ben Younes and Orbata anticlines in the 
north and the Zemlet el Beidha and Koudiat Hammamet 
anticlines in the south (Zargouni 1984; Zargouni et al. 1985; 
Abbés and Zargouni 1986; Burollet 1991; Abbés et al. 1994; 
Hlaiem 1999). Westward, the Gafsa-Metlaoui basin is rec- 
ognized by previous work as delineated by a second dextral 
strike-slip fault system named Negrine-Tozeur fault (Zar- 
gouni 1984; Zargouni et al. 1985). In the eastern part, and 
from north to south, the Sehib, Berda, Chemsi and Belkheir 
folds separate the Gafsa—Metlaoui basin from the northern 
Chotts range (Fig. 5.1b). The Northern Chotts range lies the 
southernmost folded segment in the Southern Atlas Front of 
Tunisia, which is composed of the Askar, Bir Oum Ali, 
Hachichina, Beidha, and Zemlet el Beidha anticlines. These 
aforementioned east-trending anticlines, separate the Met- 
laoui-Gafsa Basin from the Chotts Basin in the south. The 
gentle south-dipping series observed at the southern Chotts 
Range, were used to interpret the Chotts basin as a large 
anticline bounded by the curved Tebaga de Kebili ridge at 
the southern edge of the Chotts El-Fejej (Zargouni and 
Abbes 1987; Fakraoui 1990; Bouaziz et al. 1994; Swezey 
1996). Otherwise, the Chotts basin 15 a foredeep depozone of 
the Atlassic foreland system (DeCelles and Giles 1996; Said 
et al. 20115; Gharbi et al. 2013, 2015). This basin is con- 
sidered as a Mesozoic graben bordered, to the northern and 
southern sides, by contemporaneous normal fault systems 
(Fig. 5.1b). More recently, Gharbi et al. (2015) published a 
~ 120 km-long-balanced cross-section of region. Authors 
were interpreted for the first time that this large anticline is 
likely a wide Mesozoic rollover limited to the south by the 
preserved Tebaga Kebili normal fault system. 

The present-day southern Tunisian Atlas fold-and-thrust 
belt shape is the result of the positive inversion of the 
southern Tunisian Tethyan margin mini-basins of compres- 
sional tectonic that prevailed during Cenozoic times, shows 
two main contractional stages. The first stage corresponds to 
the rifting stage, highlighted for Late Permian (?) to the 
Early Cretaceous (Guiraud 1998; Piqué et al. 2002). An 
extensional tectonic regime dominates this period which is 
contemporaneous with the Tethyan and Atlantic opening. 
Early Triassic salt basins were formed, during the earlier 
stage of this evolution (Soussi et al. 2017) covered all of 
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Fig. 5.1 a Structural sketch map 
of the Atlas belt within its 
geodynamics context. Gray 
arrows represent the present-day 
NW to N oriented horizontal 
compression related to the 
convergence between Africa and 
Europe (after Michard et al. 2002; 
Faccenna et al. 2004; Serpelloni 
et al. 2007; Billi et al. 2011). 
Black square indicates the 
location of the study area. 

b Simplified geological map of 
the southern Atlas foreland of 
Tunisia. Using the geographic 
Coordinate system (modified 
Gharbi et al. 2015). Locations of 
seismic lines (with blue colors) 
and wells are shown (with red 
colors). Detailed geological map 
of the Zelmet el Beidha of 

Fig. 5.3 and the Bir Oum Ali- 
Hachichina structure of Fig. 5.9 
are shown by the black frame 
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what is now Tunisia. The extensional setting prevailed 
during Jurassic and Early Cretaceous (Boughdiri et al. 2007; 
Souquet et al. 1997; Masrouhi and Koyi 2012; Masrouhi 
et al. 2014a) 16 related to the opening of Tethyan and the 
Central Atlantic. This extensional tectonic regime was also 
accompanied, in several regions of the Atlas, by volcanic 
and halokinetic activity testifying to the extensional nature 
of these periods (Laaridhi-Ouazaa 1994; Guiraud et al. 2005; 
Mattoussi Kort et al. 2009; Masrouhi et al. 2014a, b). During 
Aptian-Albian times, the extensional activity is associated 
with WNW- to- NW-trending normal faults that are associ- 
ated with significant thickness and/or facies variations 
comprising abundant syntectonic sequences (Gharbi et al. 
2013), in addition to active salt tectonic. The Aptian—Albian 
times are identified as time of maximum extension in the 
Tunisian southern Tethyan margin basins, which are espe- 
cially well documented for the Early Cretaceous rifting stage 
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(Souquet et al. 1997; Bouaziz et al. 1999; Gharbi et al. 2013; 
Masrouhi et al. 2014b; El Amari et al. 2016). During 
Cenomanian to Santonian times, the Tethyan extensional 
basin in Tunisia has received mostly pelagic to hemi-pelagic 
sediments, typifying a slow deposition product of a post-rift 
subsidence-related sequences (Morgan et al. 1998; Gharbi 
et al. 2015). 

The second main stage, started since Late Cretaceous, 
corresponds to compressive events that had caused the 
inversion along the inherited normal fault and the initiation 
of folding and trigger a positive tectonic inversion related to 
the Africa and Eurasia plate convergence (Guiraud and 
Bosworth 1997). The southern foreland fold-and-thrust belt 
of Tunisia results from two main superimposed compres- 
sional events: Mid-to-late Eocene defining the Atlassic 
contractional event (Frizon De Lamotte et al. 2000; 
Masrouhi et al. 2008; Khomsi et al. 2009; Gharbi et al. 2015) 
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and Middle-Late Miocene to present-day compression cor- 
responding to the Alpine compression event (Zargouni and 
Ruhland 1981; Zargouni and Termoliéres 1981; Zouari et al. 
1990; Chihi 1992; Dlala 1992; Said et al. 2011a; Gharbi 
et al. 2014; El Amari et al. 2016). 


5.2.2 Generalized Lithostratigraphy 
of the Southern Atlas Domain 


The lithostratigraphy of the southern Atlas of Tunisia 
domain is derived from outcrops around the Chotts Basin 
and exploration well data. The Mesozoic—Cenozoic 


Fig. 5.2 Synthetic stratigraphic 
and lithotectonic sedimentary 
columns Northern Chotts Range. 
Major unconformities are 
enhanced by a wavy line 
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lithostratigraphy of units that are exposed in study area is 
illustrated in the log of Fig. 5.2. 

The oldest rocks exposed in the field belong to Trias and 
are known in the Hadifa diapir. Triassic series consist of 
evaporites, red claystones, sandstones, anhydrites, halite, 
carbonates and gypsum deposited with a continental origin 
during the pre-rifting in relation to the crustal extensional 
movement of the Tethyan passive margin are started along 
the African plate (Stampfli et al. 1991; Ben Ismail 1982; 
Kamoun et al. 2001; Bouaziz et al. 2002). The Triassic 
Formation show important variations that can reach thick- 
nesses of more than 800 m in petroleum wells. During the 
Jurassic stage, the rifting continuous by a shallow water 
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marine deposits at the Lias (Faure and Peybernes 1986; 
Soussi 2002; Sekatni et al. 2008) followed by the lagoon to 
marine deposits of the Middle and late Jurassic series which 
mainly consist of thick limestones intercalated with dolo- 
mites, claystones and anhydrites (Tlig 2015). Thicknesses 
range from ~ 200 m in the Kebili to 2000 m in the explo- 
ration wells along the Chotts Fejej. This extensional tectonic 
regime accompanied with highly subsidence, continued 
during the early Cretaceous. The Early Cretaceous trans- 
gression is accompanied by shallow marine conditions 
invaded the Southern Atlas. Sequences have started with the 
deposition of Berriasian-Hauterivian continental deposits of 
the Sidi Khalif, Melloussi and Boudinar Formation. At the 
base, these deposits typify a shallow restricted marine 
environment to fluvio-deltaic sequences consisting of mixed 
sandstones, anhydrites and claystones (Marie et al. 1984; 
M’Rabet 1987; Boukhalfa et al. 2015). The above-described 
sequences are overlain by shallow-marine and fluvial/deltaic 
marls, alternating with anhydrites and limestones Hauteriv- 
ian—Barremian Bouhedma Formation (Damotte 1990). 
Thickness of Hauterivian-Barremian continental deposits 
varies from 300 m in the Metlaoui-Gafsa basins (Riley et al. 
2011; Gharbi et al. 2015) to 2000 m in the LMG-1 well in 
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the southern part (El Amari et al. 2016). The Hauterivian— 
Barremian Bouhedma Formation crops out mainly in the 
core of the Northern Chotts Range anticlines (e.g., the 
Koudiat Hammamet, Zemlet el Beidha and Beidha anticli- 
nes; Figs. 5.16 and 5.3). The Bouhedma Formation is 
overlain by shale-rich sands and ferruginous sandstone of 
Sidi Aich Formation recently dated by Boukhalfa et al. 
(2015) as Late Barremian. In the southern Tunisian Atlas, 
the Sid Aich Formation's thicknesses range between from 
~ 50 to 200 m. During the Aptian times, the deposition of 
the Orbata Formation characterized by the syn-rift sediment 
(Ben Youssef et al. 1985; Ben Youssef and Peybernes 1986; 
Lazzez and Ben Youssef 2008) was generally related to a 
transgression that invaded all of is what now the Northern 
Chotts range. The Orbata Formation conformably overlies 
the Sidi Aich Formation, in all sections described іп this belt 
(Ben Youssef and Peybernes 1986; Louhaichi and Tlig 
1993; Gharbi et al. 2013, 2015). The Orbata Aptian-aged 15 
commonly described as composed at the base by the 
Bedoulian dolomitic bar that is capped by the marly and 
sandy carbonates. The top of this Formation consists of 
Gargasian sandy unit. In the Chotts basin, during the hiatus 
from the upper Aptian (Clansaysian) to the lower-Middle 
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Fig. 5.3 Detailed geological and structural map of Zemlet el Beidha-Jebel Haidoudi structure (ZBHS). See location on Fig. 5.1b (Gharbi et al. 
2013). Coordinate system is UTM zone 32, WGS 84 system (metres). Location of the cross section of Fig. 5.4 is shown 
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Albian which is named Aptian—Albian crisis is probably 
related to tilted blocks geometry prevailed during the 
Aptian-Albian rifting (Ben Youssef and Peybernes 1986; 
Guiraud and Maurin 1992; Souquet et al. 1997). During this 
period, of significant tectonic extension, thicknesses range 
from few meters in the East to ~50 m in the Bir Oum Ali 
structure (central part of the Northern Chotts Range 
(Fig. 5.1b)). Following this period, an Albian transgression 
invaded (Ben Youssef 1999; Guiraud et al. 2005) the 
Southern Tunisian Atlas, leading to the deposition of dolo- 
mite and claystone sequences interbedded with thin anhy- 
drites beds. In the southern part (Tebaga Kebili; Figs. 5.1b 
and 5.2), the Zebbag Formation thick sequences of massive 
dolomite covers the Albian series. The Albian marine 
deposits range from a few meters in eastward of the Northern 
Chotts Range to a maximum observed thickness of ~ 100 m 
in the Jebel Berrani (South Bir Oum Ali, Figs. 5.1b and 5.2) 
to. During Late Cretaceous, a general regional transgression 
is recorded during the Cenomanian—Turonian times. This 
later is accompanied by the deposition of marine limestones 
and claystones ranged by authors as the upper member of the 
Zebbag Formation. Significant thickness variations exist also 
in these marine series, which are from ~20 m in Northern 
Chotts Range to ~ 200 m in the Tebaga Kebili. 

The above-described Zebbag Formation is usually capped 
by massive bar of dolomite and dolomitic limestone of the 
Guettar member dated as Uppermost Cenomanian—Early 
Turonian (Abdallah et al. 1995; Abdallah and Meister 1997). 
The Coniacian-Santonian-aged Aleg Formation, is com- 
posed by thick sequences of the post-rift sediments (Gharbi 
et al. 2013, 2015; El Amari et al. 2016). These sequences are 
made of dolomitic sandstones at the base and interbedded 
green marls and bioclastic limestones at the top. Campa- 
nian-late Maastrichtian series consist of marine limestones 
and claystones of the Abiod Formation (locally named Berda 
Formation) and characterized by significant thickness and 
facies variations. Thicknesses range from ~80m in 
Northern Chotts Range to ~400 in the Tebaga Kebili 
(Figs. 5.1b and 5.2). The late Cretaceous sequences аге 
overlain by the marine dark marls of El Haria Formation 
dated as Maastrichtian—Paleocene. The Paleocene series 
show a lateral variation of thickness which are ranged from 
few meters in the East to —80 m in the Bir Oum Ali 
structure. This previously mentioned sequences are normally 
overlain by the Eocene Limestone of Metlaoui Formation in 
western part of the Northern Chotts Range and by the 
Eocene continental carbonate of Bouloufa Formation in the 
Eastern part. The Miocene sandstones of the Beglia For- 
mation unconformably overlie the Eocene series. The con- 
tinental Mio-Pliocene Segui Formation, considered as 
syntectonic sequences, is the result of the reliefs erosion that 
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were uplifted during contemporaneous compressional event. 
This Formation unconformably overlie all the above- 
mentioned series along the chain. 


5.3 The Northern Chotts Range Structure 


The structural arrangement of the Northern Chotts Range 
shows E- to NE-trending folds as shown in Fig. 5.16, and 
regional NW- to WNW-trending oblique faults systems 
(e.g., El Fejej and Negrine-Tozeur faults; Zargouni 1985; 
Zargouni et al. 1985; Zargouni and Abbes 1987; Gharbi 
et al. 2013, 2015; El Amari et al. 2016). 

Most of previous studies, propose a scenario in which the 
Northern Chotts range results from the NW-trending lateral 
strike-slip faulting (Zargouni 1985; Zargouni et al. 1985; 
Rabiaa 1985; Fakraoui 1990; Fakraoui et al. 1991; Abbès 
et al. 1994; Bédir 1995) associated with asymmetric “еп 
echelon" fold with steeper southern limbs than gentle 
northern limbs. A second interpretation was presented with 
fault-propagation model generated folding during the 
Cenozoic thin-skinned tectonics (Creuzot et al. 1993; Out- 
tani et al. 1995; Ahmadi et al. 2006, 2013). Based on a 
geologic mapping, lithotectonic sedimentary sections iden- 
tification together with seismic reflection data, a recent study 
of Gharbi et al. (2015) concluded that the Northern Chotts 
Range, separates two sedimentary basins in which tectonic 
style is different. The northern one corresponds to the Met- 
loui-Gafsa basin where the deformation is mainly controlled 
by deep thick-skinned and shallow thin-skinned thrusting. 
The southern part, including the Chotts basin, illustrates 
mainly a deformation governed by the deep thick-skinned 
tectonics. 

The following sections address the structural analysis of 
the Northern Chotts Range, which is based on field obser- 
vations across the Eastern and the central parts of the Range, 
and interpretation of seismic reflection profiles across the 
Chotts Fejej Basin. 


5.3.1 Geologic Field Data and Structural 


Analysis 


Data used are derived from the preexisting 1/25000 geologic 
map published by Gharbi (2013) and El Amari et al. (2016), 
of the Zemlet el Beidha-Jebel Haidoudi (ZBHS) and 
Bir-Oum Ali-Hachichina structure (BOAHS), and con- 
trolled by six surface geological cross-section. Fault kine- 
matics analysis, provides an idea on the Cretaceous tectonic 
regime in the Northern Chotts Range. Seismic interpretation 
coupled to surface data 1s exploited as a part of this work to 
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Fig. 5.4 Geological cross sections showing the tectonic style of Zemlet el Beidha-Jebel Haidoudi structures (ZBHS). For location, see Fig. 5.3 


dissect the local style and the development of the Northern 
Chotts Range in its ZBHS and BOAS portions (Fig. 5.1b, 
5.3, 5.4 and 5.5). 


Zemlet El Beidha-Jebel Haidoudi 
Structure 

The ZBHS is located in the eastern part of the Northern 
Chotts range. This structure, of about 24 km long, have a 
curve-shaped geometry (Fig. 5.16 and 5.3) with two main 
anticlines separated by the NW-trending Fejej fault. 

The Zemlet el Beidha is a south-to-south-east verging 
asymmetric anticline with only an east closure and shows, 
from west to east, a curved axis that changes from E strike to 
NE strike (Fig. 5.3). This 16 km long and 3-5 km wide 
structure, is located between the Menzel Habib plain to the 
north and the Chotts Fejej and Draa Oudhref respectively 
southwest and southeast (Fig. 5.3). The Zemlet el Beidha 
anticline is respectively cored by the Hauterivian-Barremian 
in the central part, the Albian in the Jebel Meida and the 
Coniacian-Santonian in the Jebel Romana and Gouada plain 
(Fig. 5.3). This structural arrangement, simple at surface, is 
illustrated by two geological cross sections presented in 
Fig. 5.4. The north-eastern segment of the ZBHS, as shown 
by the cross-section А-А”, is a gentle deformed Cretaceous 
sequences covered unconformably by Late Miocene-Plio- 
cene to Quaternary series. Along this cross section А-А”, the 
surface geometry of the ZBHS shows a ~20° N-dipping 
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backlimb made of Coniancian-Santonian green marls alter- 
nated with bioclastic limestones unconformably overlain by 
Miocene continental sandstones. The forelimb is formed by 
the Aleg 45? S-dipping Formation, itself unconformably 
overlan by the Segui late Plio-Quaternary Formation. 
Eastward of the Djebel Tebaga Fatnassa a disturbance of 
dips is recorded in the limestones of the Aleg Formation 
possibly associated with  N-dipping reverse faulting 
(Figs. 5.3 and 5.4). Westward at the central part of the 
ZBHS, numerous М100-1109Е apparent trending strike-slip 
faults, along Khanguet Aicha and Khanguet Amor, regions 
affect the 45° S-dipping limb (Fig. 5.3). 

Along the second surface elaborated B-B’ cross-section 
(Figs. 5.3 and 5.4; the western part of the ZBHS), at the 
Jebel Fejej and Jebel Jerouala, shows a northern limb formed 
by late Barremian sequences that dips —5?—10*? northward 
while the southern limb dips about 70°—80° southward. 
The ZBHS shows a highly deformed forelimb geometry 
usually affected by the NW to WNW-trending Fejej 
strike-slip systems (Figs. 5.3 and 5.4; Abdeljaouad and 
Zargouni 1981; Zargouni et al. 1985; Abbés and Zargouni 
1986; Abbès et al. 1994). The striae measured on the fault 
planes of the Jebel Jerouala and Jebel Fejej (see sites c and d 
in Fig. 5.5) are rotated to reestablish their bedding to its 
initial horizontal orientation. Using the fault diagram, the 
back-tilting of these NW-trending apparent strike-slip fault 
give a result of SW-dipping normal faults. The structural 
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Fig. 5.5 Based on Google Earth satellite images, the structural 
mapping of Zemlet el Beidha-Jebel Haidoudi structure (ZBHS) shows 
the Cretaceous extensional (normal faulting) tectonic regime resulting 
from the back-tilting diagram. a Striations recorded on fault plane 
indicates a Coniacian normal faulting characterized by NE-trending 
extension. b Coniacian-Santonian normal faulting (recorded on south 
flank of the Jebel Haidoudi anticline) associated with NE-trending 


analysis portrays a Cretaceous extensional tectonic regime 
characterized by NE-trending state of minimum stress axis 
(Fig. 5.5c, d). 
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extensional tectonic regime. c West-looking panoramic view of the 
tilted bloc structures from the Jebel Khaguet Telmam to Jebel Fejej 
through Jebel Jerouala related to a regional NE-trending extension 
regime. d Synsedimentary normal fault with lower hemisphere 
stereograms of fault slip data and shown the NNE-trending direction 
of extension. Red dashed plane corresponds to the bedding plane 


The fault kinematic analysis carried out by Gharbi et al. 
(2013) shows that restoration of the back-tilted of all ZBHS 
present-day apparent strike-slip faults, testifies to the 
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occurrence of normal faults activity developed during a 
NE-trending Cretaceous extensional tectonic regime. The 
geologic map and the fault kinematics analysis, of this work, 
portray an ancient normal faulting reactivated as strike-slip 
ones well observed in the Khanguet Aicha as well as the 
Khanguet Amor (see Fig. 5.3) 1s. The Cretaceous inherited 
faults affect the Hauterivian to Albian series and are regu- 
larly sealed by the Coniacian-Santonian Formation (Gharbi 
et al. 2013). Along the ZBHS area, the normal faulting is 
usually associated with thickness and facies variations, 
which explicitly concerns the Aptian-Albian sequences. The 
normal faulting activity is associated in the ZBHS with 
syntectonic conglomerates that were deposited in the 
half-grabens structures (a, b, c in Fig. 5.6; Gharbi et al. 
2013). The extensional tectonic movement forms the growth 
strata into some hanging-walls like the preserved listric 
normal fault in Jebel Tebaga Fatnassa (Fig. 5.7). The Late 
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Fig. 5.6 Syntectonic index of extensional regime. a The Aptian 
conglomerate. b The metric bed of Aptian conglomerates located in the 
Khanguet Amor. c Small Aptian conglomerates resedimented in the 
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Barremian-Aptian dolomite strata is cut by the NE-trending 
preserved normal. The tilted block geometry records the 
Aptian growth strata and indicates their normal activity 
during the Aptian stage. The normal faulting continues 
during the Albian times and creates the growth-strata 
geometry into hanging-walls. The E-dipping normal fault 
cuts the Albian sequences of the Jebel Es Smaia (Figs. 5.3 
and 5.8) and generates growth strata. 

Along the 2.5 km-long NNW-SSE surface C-C" cross 
section, across Jebel Es Smaia at the north and the Jebel 
Haidoudi anticline at the south (Figs. 5.3 and 5.4). Here, the 
fold Jebel Haidoudi is an asymmetric fold with a core 
occupied by Coniacian dolomites showing a ~ 15? to ~ 20° 
N-dipping northern backlimb and ~ 40° S-dipping southern 
forelimb. In this south limb, the Late Cretaceous strata 
unconformably overlain by Plio-Quaternary continental 
deposits (Fig. 5.4). The north limb 15 affected by 


Jebel Jerouala. d Rudist fossils (arrows) within the Aleg Formation 
(Coniacian-Santonian) 
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(b) 





Jebel Romana 


Fig. 5.7 Preserved Aptian normal fault associated with growth strata in the Jebel Tebaga Fatnassa indicating that these Aptian series was 


deposited during the extensional tectonic regime 


ENE-trending reverse fault that separates the Jebel Haidoudi 
anticline from the Oued Krenafess syncline in the south. 
This later syncline forms the footwall of the NW-trending 
strike-slip fault that delimits the Jebel Es Smaia monocline at 
the north (Figs. and 5.4). 

In the southern limb of Jebel Haidoudi anticline, a main 
~ 45° to 70*—NE-dipping normal faults are observed, most 
of them are a preserved synsedimentary sealed normal faults. 
This normal faulting is usually sealed by the Santonian marls 
(Figs. and 5.4) attesting an ante-Santonian synsedimen- 
tary activity. The Coniacian dolomitic sequence thickness 
increases toward the NE hanging wall and are characteristic 
of synsedimentary faults activity. The numerical analysis of 


data, consisting of bedding rotation data to restore the 
horizontal bedding planes, highlights a ~N30 to 65°— 
E-trending tectonic extension that prevailed during the 
Coniacian-Santonian times (see a and b in Fig. 5.5). 


5.3.1.2 Bir Oum Ali-Hachichina Structure 

The general structure of BOAHS comprises two major 
anticlines separated by the Bir Oum Ali-Hachichina fault 
systems (BOAHFS). Deformation of this area exposed two 
different styles with a northern highly deformed anticline 
and a southern gentle deformed one (Fig. 5.9). Anticline of 
the BOAHS shows a curved-axis which changes which 
change from West to East (El Amari et al. ). As shown 
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Albian-growth strata 


Fig. 5.8 Preserved Albian synsedimentary “growth faults” in the Jebel Es Smaia related to the extensional tectonic regime 


on the geologic map, the BOAHS have a NE-trending axis in 
the Jebel Bir Oum Ali, a NW-trending one in the Jebel 
Hachichina and an ESE-trending axis in the Jebel Naimia 
(Figs. 5.9 and 5.10 D-D") Three surface constructed 
cross-sections (Figs. 5.9 and 5.10), along the BOAS anti- 
cline, highlight that the southern part 15 only formed by the 
Early Cretaceous series showing a long southern limb and a 
short northern one characterized by ~ 10°-15° S-dipping 
southern forelimb and ~45°-65° N-dipping northern 
backlimb (El Amari et al. 2016). While the southern side is 
simple and shows a little deformed side of the BOAHS, the 


northern part shows a complex pattern. This part is charac- 
terized by the anticlines succession with curved hinge line 
and showing a right stepping “en echelon” arrangement. 
These two different sides are separated by the BOAHFS and 
does show a syncline in-between (Figs. 5.9 and 5.10). The 
curved secondary (in respect to general structure) anticline 
succession is well observed along O. El Araguib, O. Sania, 
O. Karma, east of O. Karma, the O. Batoum, and the 
O. Saoudi, at the northeastward. Furthermore, from west to 
east geometric complexity increase in O. Karma, O. Batoum, 
and the O. Saoudi anticline with usually south overturned 
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Fig. 5.9 Detailed geological and structural map of Bir-Oum-Ali-Hachichina structures (BOAHS) See location on Fig. 5.1b (El Amari et al. 
2016). Coordinate system is UTM zone 32, WGS 84 system (metres). Location of the cross section of Fig. 5.10 is shown 
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Fig. 5.10 Geological cross sections showing the tectonic style of Bir-Oum-Ali-Hachichina structures (BOAS). For location, see Fig. 5.9 


limbs (Figs. 5.9 and 5.10, El Amari et al. 2016). This area 
offers a well outcropping ~ 15°—20° angular unconformity 
between the aforementioned Cretaceous series and Mio- 
cene—Pliocene sequences. Eastward, this angular unconfor- 
mity is localized between Paleocene—Eocene and Miocene— 
Pliocene series in the Oued Sania and Oued el Karma 
(Figs. 5.9 and 5.10, El Amari et al. 2016). 


Several previous works (Abdeljaouad and Zargouni 1981; 
Rabiaa 1985, Zargouni 1985; Fakraoui 1990; Abbès et al. 
1994) have usually interpreted the ВОАНЕ5 as strike-slip 
fault systems, mainly active during Cenozoic times. The 
examination of all adjacent areas limited by this fault sys- 
tems, based on new geologic mapping (El Amari et al. 
2016), the surface geologic cross-sections (Fig. 5.10) and 
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the fault kinematics analysis does not reflect this old inter- 
pretation. The first of evidences, is that north-dipping 
BOAHFS separate a north hanging wall filling by the Late 
Cretaceous—Paleogene series and a south footwall that con- 
sists of Early Cretaceous strata. These data confirm an 
inverted fault system in which the second contractional 
throw does not compensate the first extensional one. In 
addition, secondary anticlines are in close relationship with 
the BOAHFS (Fig. ). Furthermore, the majority of 
measurements carried out along all this system fault revels 
that this N100°—110° E-trending BOAHFS exhibits usually 
striation with a first normal movement generation cut by 
second dextral strike-slip one (Fig. a-d). The fault 
kinematics analysis of the back tilted fault surfaces carried 
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out along the BOAHFS shows that the Aptian is character- 
ized by the N40^E-trending minimum stress axis (03) 
(Fig. с). This extensional regime is associated with 
graben and half-graben structures (Fig. a, c, and d). 
During Coniacian—Santonian, BOAS domain is also con- 
trolled by the same faults reactivated by normal faulting with 
a tectonic regime characterized by a NNE (~ NI5? to 20°E)- 
trending tectonic extension (Fig. 5.11d) responsible also for 
half-graben structure. During Campanian, BOAS is con- 
trolled again by normal faulting with tectonic regime char- 
acterized by а NNW (~N170°E)-trending tectonic 
extension (Fig. a). In addition, the Campanian normal 


faulting generates syntectonic conglomerates and the growth 
strata in the hanging-walls these normal faults (Fig. ). 





Fig. 5.11 Based on Google Earth satellite images, the structural 
mapping of Bir-Oum-Ali-Hachichina structures (BOAS) shows the 
Cretaceous extensional (normal faulting) tectonic regime resulting from 
the back-tilting diagram. a Campanian normal fault results from an 
extensional tectonic regime characterized by NNW (~NI170°E)- 
trending; b striations recorded on fault plane indicates a Coniacian- 


Santonian normal faulting characterized by NE-trending extension; 
c NW-trending graben related to а NE-trending extension; 
d half-graben structure recorded in the Coniacian—Santonian deposits 
related to a regional NNE-trending extension regime. Red dashed plane 
corresponds to the bedding plane (El Amari et al. ) 
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Fig. 5.12 Panoramic view, looking NE, of a preserved Late Cretaceous normal fault showing growth strata located in the hanging wall that 
indicate a normal faulting active during Campanian time (El Amari et al. 2016) 


5.3.2 Subsurface Structural Data 


Three seismic profiles ELO3, EL11 and EL12 (Figs. 5.13 
and 5.14) are used in this work to illustrate the southern 
Atlas of Tunisia deep geometry. Data presented are based on 
the conversion of the travel times to depth and calibrated by 
the exploration wells (РІ, P2, P4, Figs. 5.16, 5.13 апа 5.14) 
and present work surface data. 

The interpreted seismic profiles EL11 (Fig. 5.13a) high- 
lights that Mesozoic sequences vary considerably in both 
facies and thicknesses along the southern Atlas of Tunisia. 
The thickness of Mesozoic sequences increases toward the 
Chotts Fejej compared to thin series in the Northern Chotts 
Range. This profile highlights also that the thick sequences 
are expanded on listric southwest-verging growth normal 
fault. In the eastern part of the ZBHS, the Early Cretaceous 
series thickness exceeds — 1800 m. The same thickness is 
recorded for the Jurassic. These series of the Cretaceous and 
Jurassic reach the 2000-2300 m beneath Chotts Fejej basin. 
These significant and rapid variations attest a main episode 
of subsidence in the Chotts Fejej basin, associated with deep 
normal faulting during the Mesozoic times. These 
southwest-facing normal faults recorded especially in the 
Jurassic and Cretaceous Formations were recently inter- 
preted as synsedimentary “growth faults” by Gharbi et al. 
(2015) and associated with large rollover anticline. Growth 
faults are mainly developed in what is now the Chotts Fejej 
basin. The Maximum throw is recorded at the Triassic— 
Jurassic sedimentary interface, suggesting a rapid subsidence 
and active growth faults during this period. Furthermore, 
high throw gradients were detected near the upper tips of 
these faults in the Early Cretaceous qualified to be 
characteristic of syn-sedimentary growth normal faults. 


Diachronous Early Cretaceous lithostratigraphic successions 
led to a reactivation of the preexisting normal faults during 
the sedimentation during this period. This fact is testified by 
the sedimentary package associated with normal dragging of 
the strata in the hanging-wall of the faults (Fig. 5.13a). The 
geometry of the growth strata in the Early Cretaceous series 
are well defined on the EL11 seismic profile. High thickness 
triggers differential overloading along the growth faults. Into 
these hanging-walls of normal fault, Early Cretaceous filling 
draws an onlapping structure (Fig. 5.13a). A detailed anal- 
ysis of these profiles has been carried out to predominant 
role of inherited extensional structures in evolution of the 
southern Tethyan margin, and their influence on the geom- 
etry of the Atlassic thrust belt. 

The ENE-WSW seismic line of EL12 (Fig. 5.13b) offers 
well-imaged structures of the buried Chotts Fejej basin that 
occur over a listric fault geometry confirming the 
above-mentioned configuration in the seismic Line ELII. 
This line ELI2 highlights a main graben structure beneath 
the Chott Fejej Basin likely resulting from a local intensive 
extensional tectonic located beneath a major regional listric 
normal fault. The sedimentary pile, that shows a thickness 
variation recorded at least since Jurassic and Early Creta- 
ceous, has deeply controlled by these faults systems. The 
rapid accumulation of the Jurassic and Early Cretaceous 
sediments in the Chotts Fejej graben announce a high sub- 
sidence related to the diachronic activity of the normal fault. 
Analysis of the seismic profiles EL11 and EL12 crossing the 
Chotts Fejej Basin (Fig. 5.1b) permits to identify faults with 
normal components bounding the subsiding domains 
(Fig. 5.13). These faults are associated with other synthetic 
faults that have contributed to the formation of a Fejej gra- 
ben. The study area is characterized by thick Jurassic and 
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Fig. 5.13 Subsurface data SW 


showing the preserved Chott Fejej Basin 


extensional structures reflected 
the structural architecture of the 
ancient southern Tethyan margin. 
EL11a апа EL12a аге the : 
uninterpreted, migrated, 2 
depth-converted seismic 3 
reflection data from the Chotts 
Fejej basin. For location, see 
Fig. 5.1b. Horizons were 
calibrated using projected data 
from the P1 and P4 wells and 
surface data. Interpreted seismic 
section of the EL11b showing the 


P1 projected 


EL-03 


b 


en 


Depth (km) 


half grabens systems of the Chotts Ы 
Fejej basin connected to ап NE 
intrabasement detachment and 

associated with syn-rift growth 0 
strata. Interpreted seismic section i 


of the EL12b showing the deep 
Jurassic-Early Cretaceous graben 
beneath the Chotts Fejej basin 
connected to the same 
intrabasement detachment 
mentioned in the EL11b 


т 


л 


Depth (km) 
| 
|0 
3 


Chott Fejej Basin 


EL-03 


Depth (km) 


Depth (km) 


-j 





151 
NE 
North of the Chott Fejej basin 
Western part of Zemlet el Beidha structure 


P4 projected 
EL-12 р 


Basement 


EL11(b)| 


ENE 


North of the Chott Fejej basin 
Western part of Zemlet el Beidha structure 


EL-11 





15 20 





NW North of the Chott Range 
Jebel Es Smaia 


Depth (km) 


Early Cretaceous 
Late Jurassic 


Middle Jurassic 


Early Jurassic 


Late Triassic 


Depth (km) 


0 5 10 15 20 


Fig. 5.14 a Uninterpreted, migrated, depth-converted seismic reflec- 
tion data from the Chotts Fejej basin. b Interpreted seismic line of ELO3 
showing the preserved extensional structures associated with the 


Early Cretaceous deposits, which are progressively thick- 
ening, associated with listric faults (Fig. 5.13). The geome- 
try and the thickness variations are related to the regional 
extensional tectonics during the synrift period. 

The deep structure of the Northern Chotts Range is well 
illustrated by the NNW-SSE trending seismic reflection line 
ELO3 (Fig. 5.14). Reflectors have been calibrated using 
projected data of P2 well onto the section and present seis- 
mic interpreted of EL11 and EL12. To the south, the Chotts 
Fejej basin is formed above a normal movement of the fault 
systems which delimited a deep graben beneath Chotts Fejej 
and associated with rapid subsidence during Jurassic and 
Early Cretaceous. To the north, a similar extensional struc- 
ture created by listric normal faulting delimits a tilted blocks 
geometry with north-verging beneath the Jebel Es Smaia 
(Fig. 5.14). 

Deep structural inheritance indicated by seismic inter- 
pretation is well illustrated by the synsedimentary normal 
faulting associated with the growth strata and the thickness 
and facies variation of Jurassic and Early Cretaceous. This 
structural architecture presented in the study area reflects the 
geometry of the south Tunisian basin as part of the southern 
Tethyan margin. 
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preserved Chotts Fejej graben, and horst and rollover anticline limited 
by the listric normal fault connected to the intrabasement detachment. 
For location, see Fig. 5.1b 


5.4 Sequential Restorations of the Southern 
Tethyan Rift Margin of Tunisia 


The sequential restoration of balanced cross sections is 
viewed today as a sound way calculate the extension and/or 
shortening amount and to estimate the slip rate, and the 
depth of the décollement surface in both contractional and 
extensional tectonics (Castelluccio et al. 2015). This method 
is considered today as the only way to decipher the tectonic 
evolution of deformed structures in the time. Our sequential 
restoration published in previous works by Gharbi et al. 
2015 quantify for the first time the extension amount of 
Mesozoic period of the Tethyan margin rifting stage of in 
South Tunisia (Fig. 5.15). We expose hereinafter the role of 
the rift-related structures in the structuration of the southern 
Atlas domain of Tunisia. 

The calculated amount of extension, along the southern 
Atlas domain of Tunisia, shows a total horizontal extension 
of about 9.4 km during the Tethyan rifting. This amount is 
calculated for four stages of rift i.e. Permian, upper 
Barremian, Aptian—Albian, апа Coniacian—Santonian 
(Fig. 5.16). The Tethyan margin rifting in southern Tunisian 
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domain is started by the Permian—Triassic pre-rift stage 
where its sedimentary platforms are governed by extensional 
tectonic regime. The structural style was designed by normal 
faults associated with tilted blocs, grabens and horsts 
(Fig. 5.16a). A Triassic basin formed in the beginning of this 
rifting stage were filled by evaporitic massive salt layers 
(mainly halite and gypsum) with clays and dolomites 
reflecting an epicontinental environment (Kamoun et al. 
2001). Following, a rapid subsidence typifies the rifting 
event during the Jurassic-Early Cretaceous stage. This per- 
iod is characterized by extensional tectonic episodes linked 
to the opening of the Central Atlantic Ocean. Structures 
developed during this period were infilled by Early Creta- 
ceous fluvio-deltaic to shallow marine environment 
sequences (Louhaichi and Tlig 1993; Gharbi et al. 2013). 
The Early Cretaceous period is synchronous with the growth 
of major synsedimentary typical normal fault systems which 
produce a general framework delivering tilted blocks basin 
geometry responsible of the dislocation of the continental 
platform in the southern Atlassic domain of Tunisia. The 
sequential restoration proposed by this work shows a 
wide-ranging extension that reach ~6.5 km at the Upper 
Barremian showing high subsidence rate and flexure of the 
south Tunisia margin in what is now the Chotts basin 
(Fig. 5.16b). The Chotts Fejej basin is dissected by listric 
normal faults branched on the Triassic intra-basement. 
Accumulation of Jurassic-Early Cretaceous thick sediments 
in the Chotts Fejej basin allows the lateral migration of the 
evaporitic Triassic salts towards the north associated to the 
development of the salt pillow beneath the Northern Chotts 
Range (Fig. 5.16b). Northward, the sequential restoration 
permits to define an ancient southern Tethyan margin in 
Tunisia likely controlled by the extensional structures. The 
extensional deformation was accommodated by basement 
normal faults bounding horsts and grabens structures pat- 
terned on tilted blocks major's ones. Normal faults con- 
trolled the sedimentation where the deposits were thicker 
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(corresponding to inherited Permian (?) to Cretaceous normal faults) 
and shallower décollement within the sedimentary cover (Gharbi et al. 
2015) 


and showed growth strata architectures in the hanging wall. 
Furthermore, this tectonic event induced variation in thick- 
ness and facies of the sedimentary pile (Hlaiem, 1999; Bédir 
et al. 2001; Bouaziz et al. 2002; Patriat et al. 2003; Gharbi 
et al. 2013, 2015; El Amari et al. 2016). The calculated 
amount of stretching that occurred between upper Barremian 
and Aptian—Albian is of about ~2.5 km (Fig. 5.16c). The 
southern Atlassic basin was affected by growth syndeposi- 
tional strata well integrated in the extensional tectonics 
leading to the deposition of a syn-rift sequence controlled by 
alternating horsts and grabens structures. The synsedimen- 
tary normal faulting delivering a general tilted blocks 
geometry, for which the Aptian—Albian ages are perceived to 
have the most extreme extensional related-structures time of 
the south Tethyan edge in southern Atlas of Tunisia (Gharbi 
et al. 2013, 2015; El Amari et al. 2016). In addition, Aptian— 
Albian sequences display abundant conglomeratic horizons 
and slumping, in addition to significant thickness changes 
(Gharbi et al. 2013; Masrouhi et al. 2014a; Naji et al. in 
press). This period shows in south Tunisia sedimentary gap 
of Upper Aptian—Lower Albian sequences. Detailed inves- 
tigations portray an unconformity, reordered in the study 
area, as a consequence of rift derived tilted blocks. This 
configuration is well known today in this structural setting 
and qualified to be an “Atlantic type passive margin setting". 
This setting is recently well elaborated in central and 
northern Tunisia (Jaillard et al. 2017; Naji et al. in press) 
particularly for the Aptian-Albian times. During this time, 
data are agreeable with the intraplate extensional deforma- 
tion which is linked to the opening of South Atlantic central 
segment. The northward motion of the African Plate has 
been accompanied by N trending extension registered in the 
central and north African basins (Martinez et al. 1991; 
Guiraud and Maurin 1991; Guiraud et al. 2005). In addition, 
the syn-rift structures of the southern Tethyan margin in 
Tunisia are accompanied by episodes of volcanism that is 
testified by basalt flows observed in the pelagian blocks of 
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Fig. 5.16 Sequential restorations of the southern Tethyan rift margin of Tunisia (а-а). e Extensional amount versus time. Ext.: Extension (Gharbi 


et al. 2015) 


eastern Tunisia (Laaridhi-Ouazaa 1994; Ellouz et al. 2003; 
Patriat et al. 2003). This extensional geometry is well 
exposed in a deep through at the northern region, i.e., 
Tunisian through (Boltenhagen 1985; Burollet 1991; Mar- 
tinez et al. 1991; Soua 2016; Masrouhi et al. 2014a; Naji 
et al. in press) and in northern Algeria (Vila 1980; Herkat 
and Guiraud 2006; Marmi and Guiraud 2006). 

During the Cenomanian-Santonian post-rift stage, a 
300-m extension is perceived in south Tunisian basin 
(Fig. 5.16d). This small amount of extension is associated 
with thick sequences deposition rate of pelagic and benthic 
facies (Soua et al. 2009; Naji et al. in press). These charac- 
teristics are indicative of post rift stage sediment accumula- 
tion. Furthermore, this period was described as associated to 
an important transgression in the southern Atlassic domain of 
Tunisia. The Ancient normal faults, inherited from Jurassic to 
Early Cretaceous rifting stage, have controlled the distribu- 
tion of the Cenomanian-Santonian deposits. Regionally, 
these extensional structures are usually sealed by the 
Coniacian-Santonian post-rift sequences, which themselves 
testifies for a post-rift stage with major transgression 
(Abdallah and Rat 1987; Herkat and Guiraud 2006). 


5.5 Amount of Mesozoic Extension Rate 
in the Chotts Basin 


In this work, we provide new detailed sequential restorations 
of the southern Tethyan rift margin in Tunisia. We quantify 
the long-term extension mainly accommodated by the Cre- 
taceous normal faulting structures. With this procedure 
described above by the section-time restoration, it is possible 
to decipher three mainly stages characterized this ancient 
passive margin. As shown the Fig. 5.16, the amount of 
Mesozoic extension rate varies during the time. After the 
Permian—Triassic pre-rift stage, we calculate an extension 
rates averaged ~6.5 km with a velocity of opening about 
~550 m/Ma during the Upper Barremian (Fig. 5.17). The 
velocity of extension increases and reached more than 
1000 m/Ma. This extensional deformation occurred during 
the Aptian—Albian stage indicates the maximum of opening 
of the southern Tethyan margin and reached 2.5 km of 
extension rate (Gharbi et al. 2015). During the Cenomanian- 
Santonian post-rift stage, the velocity of extensional decrea- 
ses for reach 6.5 m/Ma with 300 m of extensional rates. 
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Fig. 5.17 Amount of Mesozoic extension rate recorded in the 
southern Tethyan margin in Tunisia versus time. Ext: Extension 
(Gharbi et al. 2015) 


5.6 Discussion and Conclusions 


During the past 65 years, various interpretations of the 
geologic results pending from the Southern Atlassic front of 
Tunisia have been proposed. The reviewing of the geological 
data highlights four different eras in term of structural 
interpretation i.e. between 1952 апа 1994 geologic 
interpretation was dominated by the view that the present 
fold distribution is the result of (1) strike-slip faulting, 
(п) between 1997 and 2002 geoscientists featured an inter- 
pretation is the consequence of salt tectonic activity (1997- 
2002) or the result of both aforementioned processes, (iii) in 
parallel, for the same period from 1995 to 2006, geologists 
highlighted a model of anticline structures that were inter- 
preted as developed and the result of ramp-related folding, 
deformed the sedimentary cover (thin-skinned model) over 
the rigid basement during a single tectonic event, (iv) be- 
tween 2011 and 2017, geoscientists working in the area, lead 
to the inversion of inherited major fault in the development 
of tertiary structures. The inherited Triassic—Jurassic—Early 
Cretaceous normal faults are actively involved in the 
far-foreland tertiary deformation of the Southern Atlassic 
Front in Tunisia. 

The first era, from 1952 to 1994, featured a general 
hypothesis of strike-slip faulting generating the fold distri- 
bution of the Southern Atlas (Castany 1954; Abdeljaouad 
and Zargouni 1981; Rabiaa 1985; Zargouni 1985; Abbés and 
Zargouni 1986; Fakraoui 1990; Abbés et al. 1994, among 
others). During the 70s and 80s, many detailed mapping by 
many geologists has begun to elucidate the southern Tunisia 
structural complexities. Two major NW-trending lateral 
strike-slip faults (1.e. Gafsa and Negrine-Tozeur) were rec- 
ognized in the southern Tunisian Atlas fold-and-thrust belt. 
They were structurally connected to the present-day distri- 
bution of folds, which was widely accepted by the 70s and 
80s geologic reconstructions. In this way, ZBHS and 
BOAHS were interpreted previously as curved, 
right-stepping “en echelon” geometry folds (Abdeljaouad 
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and Zargouni 1981; Rabiaa 1985; Zargouni 1985; Abbés and 
Zargouni 1986; Fakraoui 1990; Abbés et al. 1994) a model 
which was generalized for all the Northern Chotts Range. 
However, the case of ZBHS and BOAS does not show in 
any point the classical relationship between folds and 
strike-slip faults. Indeed, the deformation must be relatively 
comparable along the two adjacent blocks moving sideways 
for which these anticlines are much different, and these 
structure does not correspond to a doubly plunging and 
relatively short with steeply dipping axial planes that must 
exist if it was the case of strike-slip fault controlling the 
folding. 

The second period from 1997 to 2002, a salt tectonics 
developed model (Hlaiem et al. 1997; Hlaiem 1999) featured 
an evolution in which a significant diapirs began to rise-up 
during Early Jurassic. This tectonic model highlights a 
structural configuration in which the subsequent tertiary 
folding is preferentially nucleated on the preexistent diapir 
apex. In the same period, composite model of strike-slip 
faulting and salt diapir generated in response to shearing 
faulting (Bédir et al. 2001; Zouaghi et al. 2011). However, 
this is in pure contradiction to the diapiric structure itself, in 
which structure must be circular and associated with radial 
faulting. Our interpreted seismic reflection. shows the 
absence of salts structure beneath these anticlines. Excluding 
the Jebel Beida to the East of the BOAHS, this geometry is 
not found anywhere in this belt and does not show signifi- 
cance of salt tectonics activity (Masrouhi et al. 2013; Mas- 
rouhi et al. 2014a, b). 

The third period, from 1995 to 2006, was dominated by 
south verging thrust system on which folds are located 
(Outtani et al. 1995; Ahmadi et al. 2006). This model, 
interprets the anticline structures in this zone as developed 
and the result of ramp-related folding, deformed the sedi- 
mentary cover (thin-skinned model). Ramps were presented 
as usually connected in the Triassic evaporites over the rigid 
basement during a single tectonic event. Field data collected 
in these works highlight usually *en echelon" geometry 
folds underlain by steeply dipping faults. In this model, the 
previously syn-rift strata thicken toward the border-fault 
zone are omitted. Unconformities and Mesozoic growth 
strata refute this interpretation. 

The fourth period (2011—2017), which was characterized 
by the rise of inherited role of the pre-existent faults systems, 
featured a structural evolution controlled by deep-seated 
basement faults (corresponding to inherited Permian (?) to 
Cretaceous normal faults) and shallower décollement within 
the sedimentary cover (Riley et al. 2011; Gharbi et al. 2013, 
2015; El Amari et al. 2016). 

This chapter provides an overview of data-compilation 
recently published by Gharbi et al. (2013, 2015), El Amari 
et al. (2016) in addition to newly collected data. Detailed 
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geological mapping, local structural analyses, interpretation 
of seismic reflection profiles and the sequential restoration of 
balanced cross section along the southern Tunisian Atlas 
front, together with recent published data reveal a structural 
similarity between the ZBHS and BOAHS, which likely link 
to a general tectonic style of the all Northern Chotts Range 
structures. The age, the geometry of the units, and the pre- 
sent distribution of several secondary thrust-related anticli- 
nes give evidences of the reactivation of the pre-existing 
normal faults acting now as thrust ramps generating an 
associated folding (Fig. 5.15). Most of this shortening is 
accommodated by mixed thick- and thin-skinned tectonic 
style, controlled by deep-seated basement faults (corre- 
sponding to inherited Permian (?) to Cretaceous normal 
faults) апа shallower décollement within the sedimentary 
cover. Field relationships between units and the present 
distribution of faults and folds clearly involve two different 
times of shortening evolution, 1.е., Eocene and Miocene- 
Quaternary events. The most recent study of stress state in 
southern Tunisia (Gharbi et al. 2014) highlighted a stress 
state characterized for the Miocene time by NW-trending 
regional compressional tectonic regime. This NW-trending 
compression was possibly responsible for the right-lateral 
strike-slip reactivation of the E-trending BOAHFS. This 
major fault system was probably accompanied by minor, to 
the respect of the main strike-slip ones, reverse movement 
along the E-trending BOAHFS (El Amari et al. 2016). 
During the Quaternary to present-day period, a modern 
N-trending state of stress was also considered by recent 
studies as a compressional tectonic regime (Gharbi et al. 
2014). During this phase, the N-trending compression is 
responsible for thrust tectonics, which as well typified as 
reverse-reactivation of the Mesozoic inherited faults (El 
Amari et al. 2016). 

The new interpretation of the preserved extensional 
structures using the surface and deep-subsurface data sets 
refined by the sequential restorations of the balanced cross 
section allow us to highlight the role of pre-existing rift basin 
architecture on the evolution of the southern Atlas 
fold-and-thrust belt of Tunisia. Cretaceous sedimentary 
cover of BOAHS is more deformed than the ZBHS. These 
structures are cut by NI0O-110? E-trending fault systems. 
These systems usually exhibit a fault kinematics, with stri- 
ation showing a multiphase history with a first generation 
indicating normal movement and a second as dextral 
strike-slip (Figs. 5.5 and 5.11). The second-order fault sys- 
tems associated to the main trend of these anticlines are 
usually apparent strike- slip faults. Unfolding of the structure 
easily shows an inherited normal faulting. In addition, the 
normal faulting generates growth strata (surface see 
Figs. 5.7, 5.8, 5.12 and subsurface Figs. 5.13a and 5.14) 
filled by a syntectonic sequences associated to typical syn- 
tectonics conglomerates (Fig. 5.6) апа abundant 
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soft-sediment sequences associated to the first normal 
faulting activity. Like many other extensional areas, the 
Mesozoic history of this margin was dominated by growth of 
listric normal faults, which are associated with 
well-developed half-graben fill and large rollover structures. 
The subsurface data provides a well image in the Chotts 
Fejej basin as governed by deep listric normal faults. Seis- 
mic profiles well featured this geometry with listric fault 
system vertical at surface and rapidly decreases becoming 
planar at depth. These growth normal faults, controlling the 
genesis of the ZBHS and BOAHS, are symptomatic of this 
evolution with up-thrown side largely more thicker and 
characteristic of growth related-normal faults strata 
(Figs. 5.13 and 5.14). These E-trending listric extensional 
growth faults draws the structural architecture of the south 
Tethyan margin in south Tunisia. A preserved Jurassic— 
Early Cretaceous graben is identified beneath the Chotts 
Fejej range, which is associated to the listric normal fault 
connected to an intra-basement detachment. The Chotts 
Fejej basin was usually considered as a large anticline 
(Zargouni and Abbes 1987; Fakraoui 1990; Bouaziz et al. 
1994; Swezey 1996; Bédir et al. 2001) marked the 
far-foreland of the southern Tunisian Atlas. Lithostrati- 
graphic data provided by petroleum well, presented above, 
reveal that the depth of the top Triassic salt horizons is 
reaches more than —3 km. In addition, the surface and 
subsurface interpretation allow — to identify a 
southwest-verging listric normal fault. In the footwall of this 
later, the top of the Triassic level is reaches more than 
“3.2 km in the P4 well while in the hanging wall this 
horizon is reaches more than ~ 3.5 km in the P2 well. These 
results are concordant with the regional calculated tectonic 
subsidence rates in the Chotts basin (Patriat et al. 2003). 
Many authors believe that the E-trending fault systems 
are inherited from the southern Tethyan riftüng growth 
periods (Souquet et al. 1997; Patriat et al. 2003; Raulin et al. 
2011; Dhaoui and Gabtni 2013; Gabtni et al. 2011; Masrouhi 
et al. 2014a, b; Gharbi et al. 2015; EI Amari et al. 2016; Naji 
et al. in press). The basement normal faults recorded in this 
domain were likely responsible for development of the 
evaporites basins during the Late Triassic—Jurassic synrift 
times (Kamoun et al. 2001). The continued synrift tectonic 
process generates an extension of about ~6.5 km and 
associated to high subsidence rates during Jurassic—Early 
Cretaceous times (Gharbi et al. 2015). This extensional 
tectonic context is naturally related to the opening of the 
Central Atlantic Ocean. The rifting period seems to be 
synchronous with the dislocation of the continental platform 
and the development of major synsedimentary normal fault 
systems producing tilted block basin geometry in the 
southern Atlassic domain of Tunisia (Abbès and Tlig 1991; 
Louhaichi and Tlig 1993; Gharbi et al. 2013, 2015; El Amari 
et al. 2016). This setting is recognized in Tunisia, which is 


5 The Southern Atlas Front in Tunisia: Regional-Scale Geometry ... 


synchronous with segmentation between platforms in 
central-southern Tunisia (Gharbi et al. 2013) and the deep 
Tunisian trough in northern Tunisia. During upper Bar- 
remian and Aptian-Albian times, the Chotts basin was 
probably extended about —2.5 km showing typical geom- 
etry of a rollover related structure (Gharbi et al. 2013, 2015). 
This Barremian and Aptian-Albian original situation was 
accompanied in some segments by progressive unconfor- 
mities. The Upper Aptian-Lower Albian regional uncon- 
formity is the well-known, which was identified in this area 
as mainly related to growth normal faulting. This geometry 
was possibly the raison misleading the previous interpreta- 
tion of compressional “Austrian event" as responsible for the 
observed sedimentary gap and progressive unconformities. 
In addition, the rifting has been accompanied by an episode 
of volcanism, which is testified by basalt flows observed in 
the pelagian blocks of eastern Tunisia (Ellouz et al. 2003; 
Patriat et al. 2003) and southern Tethyan margin in the 
southern Atlas of Tunisia (Gharbi et al. 2015). During this 
period, extensional normal faulting has produced space for 
the salt to rise (Masrouhi et al. 2014b) and caused different 
salt geometry. In this evolution, the Albian is recognized to 
have been the time of the maximum regional extension 
occurring during the Early Cretaceous rifting stage (Mas- 
rouhi et al. 2014b). During Cenomanian-Santonian post-rift 
period, the margin records a low extension associated with 
an important transgression in the southern Atlassic domain 
of Tunisia and thick deposits of pelagic and benthic facies 
(Abdallah and Meister 1997; Soua et al. 2009). 

Based on the above-presented results, the following 
conclusions can be drawn: 


1. The present-day “еп echelon" fold distribution is con- 
ceivably the surface expression of the “еп echelon" 
faulting, which controls the fold's emplacement and 
style. The present-day general tectonic style of the all 
Northern Chotts Range structures, the age and the 
geometry of units, and, the distribution of thrust-related 
anticlines, all of them are significant of a pre-existing 
normal faults reactivation, acting now as thrust ramps 
generating an associated folding. The Northern Chotts 
Range is well typified as the results of reverse-reacti- 
vation of the Mesozoic inherited faults. Toward the end, 
this multiphase evolution shapes a chain with mixed 
thick- and thin-skinned tectonic style, controlled by 
deep-seated basement faults (inherited Permian (?) to 
Cretaceous normal faults) and shallower décollement 
within the sedimentary cover. 

2. The Chotts basin was previously considered as a large 
anticline related to the Cenozoic compressional events to 
explain the gentle deep observed “antiform structure". It 
was, therefore, marked as the far-foreland of the southern 
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Tunisian Atlas. Like many other inverted margin, 
extensional inherited structures are still preserved in the 
southern Tunisian Atlas. The Chotts basin appears to 
well preserve the Mesozoic history of this margin, which 
was dominated by growth of listric normal faults, 
themselves associated with well-developed half-graben 
fill and large rollover structures. The subsequent tertiary 
compressional front will be, therefore, repositioned in the 
Northern Chotts Range Front. 
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Abstract 

The study areas (Bulghah and Hamimuah) are located in 
the Afif terrane between the Halaban—Zarghat fault zone 
and Ar Rika fault zone. They consist of many gabbroic to 
granitic I-type intrusions emplaced into Neoproterozoic 
volcanosedimentary rocks and are intruded by Neopro- 
terozoic A-type granites. The studied plutonic rocks are 
I-type magmatic rocks, calk-alkaline, metaluminous to 
slightly peraluminous (A/CNK > 1.2), formed in a vol- 
canic arc setting. On a primitive mantle-normalized spider 
diagrams, almost all rocks show a significant Nb-Ta-Ti 
depletions relative to K and La, which is typical of 
magmatism from a subduction zone tectonic setting. 
Geochemical features of the mafic intrusion (gabbro and 
diorite) are comparable to those of the arc-metavolcanic 
calc-alkaline rocks of the Arabian Shield, which were 
produced by partial melting of plagioclase- or 
spinel-peridotite in the upper most mantle «80 km deep 
in an intra-oceanic island arc. This suggests that the mafic 
intrusive rocks of Bulghah and Humaymah represent the 
plutonic equivalents of the Arabian Shield arc metavol- 
canic calc-alkaline rocks. The compositional variations 
from granodiorite to monzogranite of Bulghah and 
Humaymah suggest various degree of fractional crystal- 
lization of feldspar, biotite and amphibole. Y/Nb with 
Th/Nb, Th/Ta and Ce/Pb relationships indicate that the 
granodiorite and monzogranite were generated by a mafic 
parental magma contaminated with crustal materials, and 
controlled by fractional crystallization. Zircon U-Pb 
dating indicates that the mafic intrusive rocks from 
Bulghah and Humaymah, Saudi Arabia were formed at 
~670 Ma, whereas the granitoid I-type intrusions were 
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formed between 661 + 5 and 643 + 4 Ma, confirming 
the importance of the 640—700 Ma crust forming event in 
Saudi Arabia. 


Keywords 
Arabian shield * Geochemistry * I-type granitoid * 
Volcanic-arc granite • U-Pb zircon dating 


6.1 Introduction 

The Arabian Shield (AS, Fig. 6.1) consists of Neoprotero- 
zoic juvenile tectonostratigraphic island-arc terranes formed 
by subduction within and around the Mozambique Ocean 
between 850 and 550 Ma in the framework of the Gond- 
wana supercontinent assembly (Stern 1994; Nehlig et al. 
2002; Stern and Johnson 2010). These terranes are joined by 
ophiolite-decorated sutures (Stoeser and Camp 1985; John- 
son and Woldehaimanot 2003). The AS 16 divided into at 
least five tectonostratigraphic terranes (Fig. 6.1; Stoeser and 
Camp 1985): Midyan, Hijaz, Asir, Ar Ryan and Afif with 
some workers (e.g., Johnson and Woldehaimanot 2003) 
discussed the possibility of three more terranes (Jiddah, Ad 
Dawadimi and Khida). АП terranes (except Khida; Stacey 
and Agar 1985; Stoeser and Frost 2006) are regarded as 
Neoproterozoic oceanic arcs, including fore-arc and/or 
backarc crust and ophiolites (Dilek and Ahmed 2003; 
Stoeser and Frost 2006). 

The evolution of the AS terranes records three main 
tectonic stages of intra-oceanic subduction (850—700 Ma), 
collision and terrain amalgamation (700-635 Ма), and tec- 
tonic escape, strike-slip faulting and extension (635- 
550 Ma) of the newly formed continental crust (Genna et al. 
2002; Johnson and Woldehaimanot 2003; Be'eri-Shlevin 
et al. 2009; Eyal et al. 2010; Stern and Johnson 2010; 
Johnson et al. 2011). The volcanic arc crust range in com- 
position from tholeiitic, through calc-alkaline to late high-K 
suites (Robool et al. 1983). Syn-to Post-collisional 
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Fig. 6.1 a General geologic map of the Arabian Shield showing major 
tectonostratigraphic terranes, ophiolite belts, sutures, fault zones and 
post-accretionary basins in the Arabian Shield of western Saudi Arabia 
(modified after Nehlig et al. 2002; Johnson and Woldenhaimanot 2003; 
Stern and Johnson 2010). Numbers are locations of the I-type intrusive 
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rocks represented in geochemical Figures as follows: (1) Bulghah and 
Humaymah, (2) Sukhaybarat, (3) Jabal Ghadarah, and (4) Makkah 
Suite. b Geological sketch map of the Afif Terrane and adjacent parts of 
the Arabian Shield showing location of the study area (modified after 
Johnson and Kattan 1999) 


6 U-Pb Zircon Geochronology and Geochemistry of Some Plutonic ... 


calc-alkaline to alkaline I-type granites intruded by 
Post-collisional K-rich alkaline to peralkaline A-type gran- 
ites (e.g., Ali et al. 2009, 2012; Be’eri-Shlevin et al. 2009; 
Eyal et al. 2010; Moreno et al. 2014; Moghazi et al. 2012). 

I-type granitoids (Cryogenian and Early Ediacaran) are 
major components of the ANS (Moussa et al. 2008; Johnson 
et al. 2011). Geochemical studies reveal that they are met- 
aluminous to slightly peraluminous, саіс-а!КаПпе, 
subduction-related intrusives (Pearce et al. 1984; Maniar and 
Piccoli 1989; Jarrar et al. 2003; Moussa et al. 2008; Be’er- 
i-Shlevin et al. 2009; Ali et al. 2015; Robinson et al. 2015), 
formed synchronously with the formation of large molasse 
basins (Genna et al. 2002; Johnson 1998; Nehlig et al. 2002; 
Stern and Johnson 2010). The orogenic phase was then 
followed by continued convergence and the development of 
regionally extensive strike-slip fault (escape tectonics) from 
610 to 525 Ma (Greiling et al. 1994; Stern 1994; Genna 
et al. 2002; Johnson et al. 2011; Robinson et al. 2014). 

Intrusion of post-collisional alkaline to peralkaline rocks 
(A-type granites) and development of extensive pull-apart 
basins during the final suturing of the Arabian-Nubian Shield 
and the formation of subsequent extensional basins (Greiling 
et al. 1994; Johnson 1998, 2003; Wilde and Youssef 2000; 
Nehlig et al. 2002; Johnson et al. 2011). The alkaline granites 
constitute about 2% of the Arabian-Nubian Shield and rep- 
resent one of the largest fields of alkaline granites on Earth 
(Stoeser 1986; Liégeois and Stern 2010; Johnson et al. 2011). 
Petrogenetic models for the generation of A-type alkaline 
granites range from partial melting of the lower crust to 
extreme differentiation of mantle-derived tholeiitic or alkaline 
basaltic magma (Bonin and Giret 1990; Turner et al. 1992; 
Collins et al. 1992; Frost and Frost 1997; Patino Douce 1997; 
Mushkin et al. 2003; Huang et al, 2011). Assimilation of older 
crustal material into mantle derived granitic magma is plau- 
sible model to account for the petrogenesis of such rocks (Eby 
1990, 1992; Kemp et al. 2006; Zhang et al. 2012). 

This paper will present results of U-Pb = zircon 
geochronology and whole-rock geochemical data of some 
plutonic rocks from Bulghah and Humaymah areas (west of 
the Afif terrane) of Saudi Arabia. While gold is mined from 
Bulghah area since 2001, it is still under evaluation and 
development by Ma'aden Co. in the Humaymah area. In 
these areas, gold 1s spatially associated with some intrusive 
rocks intruding the layered volanosedimentary the 
Hulayfah/Siham and Murdamah group rocks. These intru- 
sive rocks can be grouped into two groups; older mafic to 
intermediate gabbro-diorite and younger intermediate to 
felsic tonalite-granodiorite intrusive bodies. These data will 
be used to clarify the magma sources for these rocks, and to 
assess fractional crystallization as a possible petrogenetic 
mechanism for the formation of these rocks (Miller 1985; 
Secchi et al. 1991; Teixeira et al. 2012; Wang et al. 2014). 
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6.2 Geology Background and Petrography 


The two selected areas (Bulghah and Humaymah) for the 
present study are located in the Afif terrane (Figs. 6.1 and 
6.2). The Afif terrane is one of the largest terranes in the 
Arabian Shield. Much of the recent researches on the shield 
in the last 15 years, Johnson and Kattan (1999) addressed 
the composite nature of the Afif terrane in age and prove- 
nance, mainly based on detailed mapping, Pb-isotope sys- 
tematics and U-Pb zircon geochronology (e.g., Stacey апа 
Hedge 1984; Stacey and Agar 1985; Agar 1985, 1988; Agar 
et al. 1992). Based on these studies, the Afif terrane was 
divided into four possible subterranes including the Khida, 
Nuqrah, Siham, and Suwaj (Fig. 6.2). While the Khida 
subterrane represents remnants of the Archean to Paleopro- 
terozoic continental rocks, the Nuqrah, Siham, and Suwaj 
subterranes and the post-amalgamation assemblages (Mur- 
dama and Bani Ghayy groups) represent the Neoproterozoic 
volcanic/magmatic arc-subterranes (Johnson and Кайап 
1999), Agar et al. (1992) reported 1.7 Ga zircon ages for 
pre-Neoproterozoic sources in the Khida subterrane. The 
ophiolite assemblages (mafic/ultramafic rocks) represent the 
oldest Neoproterozoic rocks in the study areas. A pla- 
giogranite dyke in serpentinized peridotites from a near 
vicinity to the study area in the Bir Tuluha ophiolite 
(Fig. 6.2) yielded U-Pb zircon ages from 843 to 821 Ма 
(Pallister et al. 1988). The mafic-ultramafic rocks are rep- 
resented by gabbro, metabasalt, serpentinites, listvenites and 
amphibolites. The Siham group (Fig. 6.2) is unconformably 
overlain by the volcanosedimentary rocks of the Bani Ghayy 
group (Stacey and Agar 1985). The Siham group is meta- 
morphosed to greenschist facies and composed mainly of 
volcanosedimentary assemblages. It is composed mainly of 
basaltic lava range from tholeiitic to calc-alkaline and has 
affinity with lavas in active continental margins (Agar 1986). 
The sedimentary rocks of Siham group are represented by 
lithic sandstone, shale and conglomerate. The age of the 
Siham group is constrained at ~ 746 + 10 Ma (Agar et al. 
1992) from a granodiorite sample from Naim complex which 
intruded the Siham group. The Bani Ghayy group in the 
study area consists of unmetamorphosed sandstone, con- 
glomerate, limestone, basalt and rhyolite. In the western part 
of the study area (Fig. 6.2), the Bani Ghayy and Murdama 
groups are separated by a thrust fault. Some workers con- 
sidered the two groups to be equivalent because they are 
similar in age and lithology (Brown et al. 1989). The two 
groups suggested to be deposited during and soon after the 
Nabitah orogeny (680—640 Ma, Johnson et al. 2011). Stacey 
and Agar (1985) reported a U-Pb zircon age of 620 + 5 Ma 
for a rhyolite sample from the Bani Ghayy group and a 
volcanic sample from Murdama group yielded a U-Pb 
zircon age of 625 +4 (Kusky and Matsah 2003). 
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Fig. 6.2 Geological map showing the study areas (Bulghah and Humaymah) modified from the Geological maps 1:250000 of the Al Hissu 
quadrangle, sheet 24 E (Delfour 1981) and the Nuqrah quadrangle, sheet 25 E (Delfour 1977) 
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The volcanosedimentary rocks and intermediate to felsic 
intrusions of the Afif terrane were intruded by gabbros to 
highly evolved granites between ~ 750 and 570 Ma. Based 
on their composition, textures and/or absolute ages, these 
rocks are classified from the oldest to the youngest as the 
Jidh, Suwaj, Fahud, Khishaybi, Humaymah, Haml and syn- 
to post-Shammar intrusions of the Idah and Abanat suites. 
The post-collision monzogranite rocks of Haml batholith 
were dated at 609 + 8 Ma (Robinson et al. 2014). 


6.3 Analytical Techniques 


Four representative samples of the intrusive rocks were 
selected for dating using U-Pb zircon geochronology. Bulk 
samples of these rocks (each weight ~ 3 kg) were crushed 
and pulverised to a fine fraction and sieved. The fractions of 
these samples that fall between 250 and +75 um were 
washed by distilled water and dried. These initial sample 
preparations were carried out in the laboratory facilities at 
the department of Mineral Resources and Rocks at the 
Faculty of Earth Sciences, King Abdulaziz University 
(KAU) in Jeddah (Saudi Arabia). Heavy liquids were used to 
separate the heavy fraction from these samples using 
Methylene Iodide (specific gravity 3.3 gm/ml). The 
non-magnetic fraction of these samples which may contain 
the zircon grains were separated using a Franz Isodynamic 
separator. Finally, zircon grains were collected by hand- 
picking under a binocular stereoscopic microscope. Zircons 
were analysed for their U-Pb age at John de Laeter Centre, 
Curtin University of Technology (Australia) and at the 
University of Oslo (Norway). 

Prior to analysis, zircon grains were imaged on the pol- 
ished puck by cathodoluminecence (CL) to examine the 
growth structure of individual grains using a scanning 
electron microscope. U-Pb isotope data on zircons were 
obtained by laser-ablation inductively coupled plasma 
source mass spectrometry (LA-ICP-MS) using a Nu 
Plasma HR mass spectrometer and a New Wave LUV213 
laser microprobe at University of Oslo (Norway) and by 
sensitive high resolution ion microprobe (SHRIMP II) at 
Curtin University (Australia). The analytical protocols of the 
LA-ICP-MS are described in detail by Rosa et al. (2009), 
and SHRIMP analytical procedure is described by Compston 
et al. (1984) and Kennedy and de Laeter (1994). The 
1065 + 0.6 Ma (20) Geostandards zircon 91500 (Wieden- 
beck et al. 1995) and 600 + 4.5 Ma (20) Geostandards 
GJ-1 (Jackson et al. 2004) were both used for Pb/U cali- 
bration and U concentration estimates and were analysed on 
a regular basis during the analytical sessions by 
LA-ICP-MS, and BR266 (559 Ma; 903 ppm U) was used 
for SHRIMP. Calculations used the routines of Isoplot 
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(Ludwig 2001a, b). U-Th-Pb concentrations and isotopic 
compositions are listed in Table 6.1 (SHRIMP II) and 
Table 6.2 (LA-ICP-MS), and plotted as two-sigma error 
ellipses on Concordia diagrams (Wetherill 1956). 

A total of 53 intrusive samples were selected for major, 
trace and rare earth elements analyses. Major element com- 
positions and Sc, Ba, and Ni abundances were determined by 
inductively coupled plasma-atomic emission spectrometry 
(ICP-AES). All the others trace and rare earth elements 
(REE) were determined by inductively coupled plasma-mass 
spectrometry (ICP-MS). AII the analyses were carried out at 
the ACME Analytical Laboratories Ltd., Canada. Analytical 
precision, as calculated from replicate analyses, is 0.596 for 
major elements and varies from 2 to 2096 for trace elements. 
Analytical results are listed in the Table 6.3. 


6.4 Results 


6.4.1 U-Pb Geochronology 

Sample B139 (N25? 01" 37.0", E41? 36' 32.9") is a dark 
grey, coarse-grained diorite collected from Bulghah area. 
Zircons separated from this sample are euhedral, acicular, 
and yellowish brown in color. A total of 21 measurements 
were made on the twenty one zircon crystals (Table 6.1). 
The U content varies from 65 to 161 ppm and Th from 18 to 
70 ppm. One zircon analysis produced a concordant data 
point with 7°°Pb/?*8U age of 707 + 10 Ma, interpreted as 
that as xenocryst derived from older source material. 
Omitting three analyses with high common Pb and/or dis- 
cordant leaves seventeen tightly grouped and concordant 
analyses that define a concordia age of 677 + 8 Ma (95% 
conf.; MSWD = 0.91; Fig. 6.3a). We interpret this as the 
age of intrusion and crystallization of the diorite. 

Sample В-тіпе (N24? 59' 21.5", E41° 35' 51.6") is a 
quartz-diorite collected from Bulghah mine area (Fig. 6.2). 
Zircon extracted from this sample is mostly euhedral, clear 
to yellow-brown, prismatic (~ 200 um х 50 um) and show 
well-developed oscillatory zoning consistent with a mag- 
matic origin. One analysis was made on each of 10 zircons 
(Table 6.1) and these are presented on a concordia plot 
(Fig. 6.3b). Zircon U contents are low (58—163 ppm) and 
Th/U is low (0.3—0.4; Table 6.1). One analysis is concordant 
and has low Th content (16 ppm) and yields а *°°Pb/??°U 
age of 746 + 14 Ma, higher than the 9 analyses, interpreted 
to represent an inherited grain from the older rocks in the 
area. The remaining nine analyses are concordant, defining a 
concordia age of 667 + 6 Ma (20; MSWD = 2.3; Fig. 6.3 
b). This age 15 identical to the age of the previous diorite 
sample (В 139) and is interpreted as the crystallization age of 
the quartz-diorite. 
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Fig. 6.3 U-Pb concordia diagrams of ion microprobe (SHRIMP) and 
laser-ablation inductively coupled plasma source mass spectrometry 
(LA-ICP-MS) data for zircons studied from the Bulghah and 


Sample Нт19 (N24? 42' 11.3", E41? 42' 57.8") is 
medium to coarse-grained tonalite from Humaymah area 
(Fig. 6.2). Zircon recovered from this sample is subhedral to 
euhedral and yellow to pale brown. Zircon grains are 
idiomorphic, slender, and needle shaped, and exhibit 
well-preserved oscillatory growth zoning. These zircons 
contain moderate U contents (76-325 ppm) and have Th/U 
in the range expected for igneous zircons (0.2-0.5). Out of 
twenty-one zircon grains analyzed (Table 6.1), eleven 
analyses yield а concordia age of 683 + 4 Ма (20, 
MSWD = 0.03), interpreted to represent inheritance from 
older rocks in the area. Three analyses are discordant and 
excluded from age calculation (Fig. 6.3c). Seven analyses 
were done on the rims of the same zircon grains produced a 
concordant data points and yield a concordia age of 
661 + 5 Ма (26, MSWD = 2.7; Fig. 6.3c), interpreted 
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Humaymah areas. Dashed ellipses indicate zircon analyses that were 
excluded from age calculations. Errors for data ellipses are 20. 
Analytical data are given in Tables 6.1 and 6.2 


to represent the crystallization age of the tonalite 
intrusion. 

Sample НС196 (N24? 43" 01.5", E41° 43' 2.5") is 
coarse-grained tonalite from Humaymah (Fig. 6.2). Zircon 
recovered from this sample is subhedral to euhedral and yel- 
low to pale brown. Zircon grains are idiomorph, slender, and 
needle shaped, and exhibit well-preserved oscillatory growth 
zoning. Out of fourteen zircon grains analyzed (Table 6.2), 
twelve analyses yielded a concordia age of 643 + 4 Ma (20, 
MSWD = 1.1), interpreted to represent the age of the tonalite. 
Two analyses are discordant and excluded from age calcula- 
tion (Fig. 6.3d). This age is indistinguishable from the age of a 
quartz diorite sample (629 + 6 Ma; Harbi et al. 2018) in the 
Sukhaybarat area (70 km north of the study area) and the age 
of a monzogranite sample (631 + 1 Ma) from Bulghah area 
(Bakhsh, unpublished data). 
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6.4.2 Whole-Rock Geochemistry 6.7, 6.8, 6.9, 6.10, 6.11, 6.12 and 6.13) from Harbi et al. 

(2016, 2018) and Robinson et al. (2015). The intrusive 
The results of chemical composition of 53 whole-rock samples from Bulghah show wide variations (in wt%) of 
samples from Bulghah and Humaymah areas are listed in SiO, (51.4—74.7), Al,O3 (12.39-19.95), СаО (1.05-9.95), 
Table 6.3. We compared our results with previous geo- Ма»О (3.10-5.85), MgO (0.30-6.50), Fe2O3t (1.06-7.41), 
chemical data of the I-type intrusive rocks (Figs. 6.5, 6.6, апа TiO, (0.18—1.02) (Table 6.3, Fig. 6.4). The КО content 
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Fig. 6.4 Major and trace element variations diagrams (Harker dia- mafic intrusive rocks (gabbro and diorite) and  granitoids 
grams) for the gabbro, diorite, tonalite, granodiorite and monzogranites — (granodiorite-tonalite and monzogranite) 
define two different trends and showing compositional gap between the 
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Fig. 6.5 Major and trace elements chemical classification diagrams. 
a Total alkalis (Ма-О + K5O) versus SiO, (Cox et al. 1979), b The Q'- 
ANOR plutonic rocks classification diagram using their molecular 
normative compositions (after Streckeisen and Le Maitre 1979), 
c RI-R2 diagram (de la Roche et al. 1980). The field of Sukhaybarat 
I-type granitoids from Harbi et al. (2018) and the field of Jabal 
Ghadarah I-type granitoids from Harbi et al. (2016). Analytical data are 
given in Table 6.2 
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Fig. 6.6 a Shand's index (Maniar and Piccoli 1989) classification 
diagram, showing the intrusive studied samples exhibit metaluminous 
to slightly peraluminous geochemical features. 
b (А0; + CaO/FeO, + Na;O + K5O) versus 100(MgO + FeO, + 
TiO» + SiO2) discrimination diagram (Sylvester 1998) showing the 
predominantly calc-alkaline to highly fractionated calc-alkaline char- 
acteristics of the studied samples. c Agpaitic index (AI = Na + K/AI) 
versus SiO, diagram showing the calc-alkaline characters of the studied 
intrusive samples, the line with AI = 0.87 (Liégeois and Black 1987) 
separates alkaline and calc-alkaline granite series. The field of 
Sukhaybarat I-type granitoids from Harbi et al. (2018) and the field 
of Jabal Ghadarah I-type granitoids from Harbi et al. (2016) 
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Fig. 6.7 Primitive mantle-normalized trace element diagrams for the studied Bulghah and Humaymah samples. Normalizing values from Sun and 
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indicates that the studied samples are high-K calc-alkaline 
(1.07—4.11 wt%; Fig. 6.44). The intrusive rocks from 
Humaymah are more mafic than samples from Bulghah area. 
They exhibit variable variations (іп wt%) of SiO, (48.4— 
64.3), А10}; (14.0-19.33), СаО (4.26-12.22), Ма-О (1.05- 
4.09), and high TiO» (0.45-1.60), МеО (1.78-10.64) and 
Fe203t (5.35-9.89) (Table 6.3, Fig. 6.4). The intrusive rocks 
have been classified using the total alkalis versus silica (Cox 
et al. 1979), Q'-ANOR diagram of Streckeisen and Le 


Maitre (1979) and RI-R2 diagram of de la Roche et al. 
(1980). The intrusive samples of Bulghah plot in the mon- 
zogranite-synogranite, granodiorite-tonalite and syenodior- 
ite fields (Fig. 6.5), whereas the Humaymah intrusive 
samples fall in the diorite, quartz diorite, gabbro and quartz 
gabbro fields, and one sample (Hm 19) plots in the tonalite 
field (Fig. 6.5). 

According to Shand's index (Maniar and Piccoli 1989) 
classification diagram, the studied mafic intrusive samples 
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(gabbro and diorite-quartz diorite) from Вшоһаһ апа 
Humaymah are strongly metaluminous, whereas the grani- 
toid rocks (granodiorite, tonalite and monzogranite) are 
strongly metaluminous to slightly peraluminous (Fig. 6.6a). 
On the major element discrimination diagram of Sylvester 
(1998), the studied intrusive rocks аге calk-alkaline 
(Fig. 6.6b). They also fall in the calc-alkaline field (AI « 
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0.87; Fig. 6.6c) according to Liégeois and Black (1987). 
Three monzogranite samples (B46, B49 and B50) fall in the 
alkaline and highly fractionated calc alkaline field in both 
diagrams (Fig. 6.6b, c). 

Primitive mantle normalized trace-element patterns for all 
intrusive samples from Bulghah and Humaymah are enri- 
ched in incompatible elements, showing negative anomalies 
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Fig. 6.8 Chondrite normalized REE patterns for the studied Bulghah and Humaymah samples. Normalizing values from Sun and McDonough 
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in Nb-Ta, Ti and P and a positive Pb anomaly (Fig. 6.7). 
The mafic and granitoid rocks in the studied areas have 
variable ^ Al;O4/(CaO + МО + КБО) molar ratios 
(A/CNK), mostly less than 1.1 (Fig. 6.6a), which is typical 
of I-type magmatism (Chappell 1999). The trace element 
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Fig. 6.9 a Th versus U, b Ta versus Nb, and c Hf versus Zr variation 
diagrams of the studied intrusive samples from the Bulghah and 
Humaymah areas, showing geochemical positive correlation between 
the different granitic types, suggesting that the behavior of these trace 
elements are largely controlled by magmatic processes. The field of 
Sukhaybarat I-type granitoids from Harbi et al. (2018) 
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patterns (Fig. 6.7) are typical of those developed in island 
arc settings (Elliott 2003; Ali et al. 2015). 

The granodiorite-tonalite and monzogranite samples are 
both LREE and MREE enriched [(La/Yb)x = 6.12 – 
21.70], with slightly fractionated НКЕЕ patterns 
[(Dy/Yb)y = 0.93 — 2.13] and minor negative to slightly 
positive Eu (Eu/Eu* = 0.35 — 1.25) and positive Sr 
anomalies (Figs. 6.7 and 6.8) which are indicative of feld- 
spar fractionation. The diorite-quartz diorite samples are 
КЕЕ and MREE enriched [(La/Yb)y = 3.38 — 11.24], 
with flat to slightly fractionated REE patterns 
[(Dy/Yb)y = 1.00 — 1.63] and minor negative to slightly 
positive Eu (Eu/Eu* = 0.75 — 1.29) and positive Sr 
anomalies (Figs. 6.7 and 6.8). However, the Humaymah 
gabbro samples show almost flat КЕЕ patterns 
[((La/Yb)xy = 2.06 — 467 and (Dy/Yb)y = 1.14 — 1.28], 
indicating that garnet did not control elemental partitioning 
during melting or fractionation, with positive Eu 
(Eu/Eu* = 1.08 — 1.43) and Sr anomalies (Figs. 6.7 and 
6.8), and overall REE abundance is lower. 

The variation of Th and U show strong positive correla- 
tions (Fig. 6.9a) which indicates magmatic behavior of Th 
and U during magmatic differentiation (Moghazi et al. 
2011). Moreover, the variation of Ta versus Nb, and Hf 
versus Zr (Fig. 6.9b, c) show positive correlation, suggesting 
that the behavior and enrichment of Nb and Ta are largely 
controlled by magmatic process (Lehmann and Mahawat 
1989; Charoy and Nornoha 1991). 


6.5 Discussion 


New U-Pb zircon ages and geochemical data that charac- 
terize the Bulghah and Humaymah areas, when combined 
with available geochemical data from previous studies 
(Harbi et al. 2016, 2018; Robinson et al. 2015), allow us to 
discuss their tectonic setting and their petrogenesis. 


6.5.1 Tectonic Stetting 

Granitic rocks are divided into I-, S- and A-types (Whalen 
et al. 1987; Chappell and White 1992, 2001). A-type gran- 
ites contain high temperature hydrous phases such as 
pyroxene and fayalite, and late crystallization biotite and 
alkali amphibole (Wormald and Price 1988; King et al. 
1997). However, petrographic investigation indicates that 
Bulghah and Humaymah granites show no pyroxene or 
fayalite, and contain hornblende which is inconsistent with 
alkali amphibole in typical A-type granites. Moreover, the 
slight enrichment in high field strength element (HFSE) and 
REE concentrations, in combination with the petrographic 
characteristics and the slight low Zr, Nb, Ce and Y 
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concentrations in most granitic samples, suggest that the 
studied samples are not A-type granites. The studied grani- 
toids are not also S-type granites because they are metalu- 
minous to slightly peraluminous, and have A/CNK « 1.1 
and A/NK > 1 (Fig. 6.6a). It show also that P,O5 decreases 
with increasing SiO, (Fig. 6.4h). Additionally, the studied 
samples contain no Al-rich minerals such as cordierite, 
muscovite or garnet which are considered the common 
features of S-type granites (Chappell and White 1992; 
Huang et al. 2013). 

Except for three samples, the granitoid rocks of Bulghah 
and Humaymah fall in the magnesian field on FeO'/FeO' + 
MgO versus SiO, diagram (Frost et al. 2001) (Figure not 
shown). They are classified as I-type granites on the 
10,000 x Ga/Al versus Zr diagram (Whalen et al. 1987) 
(Fig. 6.10a). Rb, Ta, Nb and Y, among other trace elements, 
have been used to discriminate the different tectonic setting 
of granitoid rocks (Pearce et al. 1984). The studied grani- 
toids fall in the volcanic-arc/syn-collisional fields (VAG + 
syn-COLG) in the Y + Nb versus Rb, Y versus Nb, and Yb 
versus Ta diagrams (Fig. 6.10b—c) of Pearce et al. (1984). 


Fig. 6.10 Major and trace 
elements tectonic discrimination 
diagrams. a Rb versus Y + Nb, 
b Nb versus Y and c Ta versus Yb 
diagrams (after Pearce et al. 
1984), showing the studied 
granitoids plot in the VAG field. 
d Zr versus 10,000 Ga/Al 
diagram (Whalen et al. 1987), 
showing the studied intrusive fall 
in the I-type granite field. 
However, few monzogranite 
samples fall in the A-type field, 
perhaps due to the mobility of А1 
(major element). Note diorite 
intrusive samples are also plotted 
to highlight the compositional 
range within these suites, but are 
classified in Fig. 6.11. 

VAG = volcanic arc granite, 
syn-COLG - syn-collision 
granite, ORG - ocean ridge 
granite, WPG = within plate 
granite and 

post-COLG = post-collisional 
granite. The field of Sukhaybarat 
I-type granitoids from Harbi et al. 
(2018) and the field of Jabal 
Ghadarah I-type granitoids from 
Harbi et al. (2016) 


syn-COLG 
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Mafic intrusive rocks (gabbro and diorite) have been clas- 
sified using the Cr versus Y diagram (Fig. 6.10a; Pearce et al. 
1984) and Cr versus Ce/Sr diagram (Fig. 6.10b; Pearce 1982), 
they plot in the island arc tholeiites (ТАТ) field. However, V 
versus Ti/1000 discrimination diagram ((Fig. 6.7c; Shervais 
1982) classify the gabbro and diorite samples as mid-ocean 
ridge (MORB)/back-arc basin (BAB) mafic components. In 
summary, variation in multi-elements diagrams (Fig. 6.7) and 
REE discrimination diagram (Figs. 6.10 and 6.11) indicates 
that the studied rocks are related to calc-alkaline I-type mag- 
matism formed in an island-arc setting. 


6.5.2 Petrogenetic Evaluation 


The main compositional trends of the studied intrusive rocks 
are shown on Harker variation diagrams (Fig. 6.4). The 
figure shows that many elements do not have straight-line 
variations (e.g., Al2O3, MgO, СаО, TiO», Na5O, P505, Nb, 
Ni and Y) but exhibiting compositional gap between dif- 
ferent intrusive types. This suggest two different 
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Fig. 6.11 Mafic intrusive 
classification schemes applied to 
gabbroic and dioritic samples 
from Bulghah and Humaymah 
areas. a Cr versus Y and b Cr 
versus Ce/Sr (after Pearce et al. 
1984), showing the studied 
samples fall in the IAT field. c V 
versus T1/1000 (after Shervais 
1982), showing the studied 
samples plot in the IAT, MORB 
and BAB fields. The field of 
Makkah Suite mafic intrusive 
rocks (Jeddah terrane) from 
Robinson et al. (2015). Results 10 
are discussed in text. 
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compositional trends in Bulghah and Humaymah intrusive 
rocks; one for gabbro and diorite and the other for 
granodiorite-tonalite and monzogranite. Overall, the mafic 
intrusive rocks are characterized by slightly LREE enriched 
patterns and relatively flat HREE patterns 
[(Юу/ҮБ)ҳ = 1.00 — 1.33, except for three diorite samples 
show higher values [(Dy/Yb)y = 1.45 - 1.63) (Fig. 6.8a, d, 
e). Most samples show Cs, Sr, Rb and K enrichments and 
Nb, Ta and Ti depletions. The gabbroic samples have La/Nb 
ratios range from 0.9 to 2.3 and slightly LREE enriched 
[(La/Yb)xn = 2.06 — 4.67] (Fig. 6.8), although all mafic 
samples (gabbro and diorite) are outside this range 
[(La/Yb). = 2.06 — 11.24]. All mafic intrusive samples 
show negative Ce and positive or slightly negative Eu 
anomalies (Eu/Eu* = 0.75 — 1.43) (Figs. 6.7 and 6.8). 
These geochemical features are comparable to those of the 
arc-metavolcanic calc-alkaline rocks of the Arabian Shield 
(Ali et al. 2010), which were produced by partial melting of 
plagioclase- or spinel-peridotite in the upper most mantle 
<80 km deep in an intra-oceanic island arc, as indicated 
from the flat HREE patterns (Rudnick et al. 2004) and other 
trace element characteristics (Ali et al. 2010). This suggests 
that the mafic intrusive rocks of Bulghah and Humaymah 
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represent the plutonic equivalents of the Arabian Shield arc 
metavolcanic calc-alkaline rocks. 

I-type granitoids can be formed through number of 
magmatic processes (e.g., Miller 1985; Jiang et al. 2007; 
Hassanen et al. 1996; Best and Christiansen 2001; Roberts 
and Clements 1993; Skjerlie and Johnston 1992; Frost and 
Frost 1997; Clemens et al. 2011; Chappell et al. 2012; 
Huang et al. 2013; Zhang et al. 2015), including Derivation 
from magmas generated by partial melting of mafic and 
intermediate igneous rocks has been proposed for some 
I-type granitoids (see Best and Christiansen 2001). Others 
have suggested that the I-type granitoids derived from partial 
melting of ancient lower crust (e.g., Jiang et al. 2007) or 
hydrous, calc-alkaline to high-K calk-alkaline old meta- 
morphic rocks (Roberts and Clemens 1993). Several studies 
proposed fractional crystallization of mafic/intermediate 
magmas as an important process to generate felsic magmas 
(e.g., Miller and Mittlefehlt 1984; Miller 1985; Secchi et al. 
199]; Teixeira et al. 2012). Partial melting of eclogite or 
garnet amphibolite at mantle depth (Hassanen et al. 1996) 
and dehydration melting of amphibole-bearing tonalite 
(Creaser et al. 1991; Skjerlie and Johnston 1992; Frost and 
Frost 1997) are other potential sources to generate I-type 
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granites. Differentiation (i.e. partial melting and/or fractional 
crystallization) of crust and then the magma may have been 
modified to a degree by fractional crystallization (Miller 
1985; Turpin et al. 1990; Barbarin 1996; Champion and 
Chappell 1992; Chappell et al. 2012; Zhang et al. 2015) 
could be another source for the I-type granites. 

The I-type granitoids (granodiorite-tonalite to monzo- 
granite) of the current study cannot account as a product of 
mafic magma fractionation since Harker diagrams exhibiting 
compositional gap between different intrusive types 
(Fig. 6.4). This exclude the possibility that the granitoids 
were produced from magmas generated by partial melting of 
mafic igneous rocks. This is further supported by the U-Pb 
geochronology data, the dioritic rocks yielded U-Pb ages of 
677 + 8 Ma and 667 + 6 Ma (Fig. 6.3), whereas the U-Pb 
zircon age of the monzogranite intrusion is 631 + 1 Ma 
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Fig. 6.12 a Dy/Yb versus La/Yb compositional variation diagram, 
indicating that the studied granitoid samples inconsistent with the 
partial melting trend. b Sr versus Eu/Eu* and c Sr/Y versus Eu/Eu* 
variation diagrams, showing that fractionation of plagioclase played an 
important role in the differentiation of the studied I-type granitoids. 
d Nb/Ta versus Dy/Yb and e Dy versus Er variation diagrams, showing 
that fractionation of hornblende played an important role in the 
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(Bakhsh, unpublished data). A large span in U-Pb ages from 
677 (mafic rocks) to 631 (intermediate and felsic rocks) 
implies that the granodiorite and monzogranite originated 
from a different magma source than that of the mafic magma 
(gabbro and diorite). 

The compositional variations from granodiorite-tonalite 
to monzogranite of Bulghah and Humaymah perhaps caused 
by varying degree of partial melting suggest various degree 
of fractional crystallization. Varying degree of partial melt- 
ing of a source could effectively produce melts that have 
diverse concentration of both major and trace elements 
(Huang et al. 2013). The most felsic rocks (monzogranite) 
representative of the lowest degree of partial melting of a 
source should have the highest La/Yb but lowest Dy/Yb 
(Huang et al. 2013). However, monzogranite and granodi- 
orite samples show scattered ratios (Fig. 6.12a), inconsistent 





Nb/La 


differentiation of the studied I-type granitoids. f V/Th versus $1O;/ 
Al O; and g Sc/Th versus 51О2/А1ЬО; variation diagrams, suggesting 
biotite fractionation between granodiorite and monzogranite samples. 
h ТІО-/ҮҺ versus Nb/La and i Eu/Eu* versus МЫЛ. а diagrams for the 
granitoid samples, showing no correlation indicate a minor role of Fe— 
Ti oxides fractionation in the genesis of the granodiorites and 
monzogranites 
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with the partial melting trend. Thus, it is unlikely that 
varying degree of partial melting is responsible for the 
diverse elemental concentrations in Bulghah grantoid rocks. 
Partial melting model of garnet amphibolite at mantle depth 
(Hassanen et al. 1996) generates a peraluminous melt 
(Beaard and Lofgen 1991). However, the studied granitoid 
samples are metaluminous to weakly peraluminous, indi- 
cating water undersaturated partial melting (Huang et al. 
2013). Garnet with plagioclase and orthopyroxene would be 
major residual phases at high pressure (Wolf and Wyllie 
1994). If garnet is a residual phase in the source, the HREE 
patterns will show strong depletion, but the studied granitoid 
samples show flat to slightly depleted HREE (Fig. 6.8b, c, 
f) Therefore, the possibility of a high pressure magma 
source can be excluded as a source for the studied granitoid 
samples. Contrasting REE patterns between the granodiorite- 
tonalite and monzogranite samples may have resulted from 
various degree of fractional crystallization. K-feldspar sep- 
aration 1s responsible for the depletion of Ba (Wu et al. 2002; 
Fig. 6.7c, e), whereas Plagioclase fractionation depleted Eu 
and Sr in the melts (Figs. 6.7 and 6.8). As shown by Sr, Sr/Y 
versus Eu/Eu* (Fig. 6.12b and c), the correlations observed 
in Bulghah granite samples are indicative of plagioclase 
fractionation. Fractionation of amphibole will lower the 
Nb/Ta and Dy/Yb ratios in the remaining melt because of its 
D(Nb)D(Ta)»1 (Tiepolo et al. 2001) and D(DyyD 
(Yb)» 1 (Sisson 1994). A positive correlation between 
Nb/Ta and Dy/Yb in the Bulghah I-type granitoids strongly 
suggests amphibole fractionation (Fig. 6.12d). This is further 
confirmed by the positive correlation between Er and Dy 
corresponds to the fractionation of hornblende from the 
parental magma (Drummond et al. 1996; Fig. 6.12e). Biotite 
have a low value for Th, but high partition coefficients for Sc 
and V (Bea et al. 1994), therefore biotite fractionation will 
increase 51О-/А1-Оз but decrease Sc/Th and V/Th ratios in 
residual melts (Huang et al. 2013). Thus, negative correla- 
tions between V/Th and Sc/Th and 51О-/АІҺЬО; (Fig. 6.12f, 
g), perhaps indicate biotite fractionation between granodi- 
orite and monzogranite samples of Bulghah. Ti-bearing 
minerals, such as titanite and ilmenite, might be other frac- 
tionated phases as suggested by increasing TiO» with 
decreasing SiO» (Huang et al. 2008; Table 6.3, Fig. 6.4c). 
The fractional crystallization of titanium-rich minerals 
commonly generates negative Nb-Ta and Ti anomalies in 
basalts (Xiong et al. 2005; Huang et al. 2008). However, this 
cannot be the reason for low Nb-Ta (Fig. 6.8b) in the 
studied granitoids because there are lack of correlations 
between TiO2/Yb, Eu/Eu* and Nb/La (Fig. 6.12h, 1), indi- 
cating a minor role of Fe-Ti oxide fractionation in the 
genesis of the studied granitoids. Therefore, various degrees 
of plagioclase, hornblende and biotite fractional crystalliza- 
tion would be important mechanism for variations in 
chemical composition of the studied granitoids (Fig. 6.12a— 
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1). The wide range of Mg# (14.5—40.2), Ni («1—36 ppm) and 
V (11-89 ppm) contents of the studied  granitoids 
(Table 6.3), perhaps suggest that two or more different 
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Fig. 6.13 Relationships of (Th/Nb)x, (Th/Ta)y, and (Ce/Pb)x versus 
(Y/Nb)N for the studied granitoid samples from the Bulghah and 
Humaymah areas with compositional fields of active continental margin 
(ACM), ocean island basalt (OIB) and continental crust (CC) from 
Moreno et al. (2014). The field of Sukhaybarat I-type granitoids from 
Harbi et al. (2018) and the field of Jabal Ghadarah I-type granitoids 
from Harbi et al. (2016). Normalization values are from McDonough 
and Sun (1995) 
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magma sources are likely for the granodiorites and monzo- 
granites (Kelemen 1995; Taylor and Mclennan 1985; Wang 
et al. 2014). This is supported by the relationships between 
Y/Nb with Th/Nb, Th/Ta and Ce/Pb (Fig. 6.13) which are 
sensitive to mantle and continental crust magma sources 
(Hofmann et al. 1986; Miller et al. 1994; Montero et al. 
2009; Rudnick and Gao 2003; Rudnick et al. 2004; Moreno 
et al. 2014). The relationships of the Y/Nb with Th/Nb and 
Th/Ta (Fig. 6.13a, b) provide an efficient discrimination 
between oceanic island (OIB) and convergent margin 
(ACM) rock types. This is because that any change in 
incompatible trace-element ratios resulting from magmatic 
differentiation (e.g., crystal fractionation or partial melting) 
should be small in comparison to that which may result from 
two magma sources. The studied samples lie within the field 
of convergent margin magmatism and inside, or close to, the 
continental crust field (Fig. 6.13a and b). The (Y/Nb)y 
versus (Ce/Pb)x diagram also show that the granodiorite and 
the monzogranite samples have the features of a convergent 
margin and continental crust component (Fig. 6.13c). 
Therefore, these relationships (Fig. 6.13) suggest the sig- 
nificant involvement of a continental crust component in the 
granodiorites and monzogranites. 

These rocks also show crustal-like trace-element patterns 
with negative Nb, Ta and Ti, and positive Pb anomalies 
(Fig. 6.7c, e, f). This is supported by Nb/Ta ratios ranging 
from (7.6 to 21.0, average of 14.5) that are close to the 
composition of magmas derived from crust and mantle 
(17.5; Green 1995). However, mixing model between mafic 
and felsic magmas needs to be confirmed by whole-rock 
Sr-Nd isotopes. 


6.6 Conclusions 
The following are the conclusions from our study: 


1. Zircon U-Pb dating indicates that the mafic intrusive 
rocks from Bulghah and Humaymah, Saudi Arabia were 
formed at ~670 Ma, whereas the granitoid I-type 
intrusions were formed between 661 +5 and 
643 + 4 Ma, confirming the importance of the 700— 
640 Ma crustal forming event in Saudi Arabia. 

2. Our analyses of the intrusive samples revealed no evi- 
dence of pre-Neoproterozoic zircons, further indicating 
that ANS crust in this region is mostly juvenile. 

3. The studied intrusive rocks range in composition from 
gabbro-diorite to monzogranite. The gabbro-diorites and 
granodiorite-tonalite rocks are calk-alkaline, metalumi- 
nous to slightly peraluminous, whereas the monzogranite 
samples are classified as calc-alkaline to highly frac- 
tionated calc-alkaline. 
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4. The granodiorite-tonalite and monzogranite samples are 
I-type granites and classified as magnesian formed in a 
volcanic arc setting. 

5. The mafic intrusive rocks (gabbro and diorite) formed in 
island arc setting, perhaps represent the plutonic equiv- 
alents of the Arabian Shield arc metavolcanic 
calc-alkaline rocks which were produced by partial 
melting of plagioclase- or spinel-peridotite in the upper 
most mantle <80 km deep in an intra-oceanic island arc. 

6. Y/Nb with Th/Ta, Th/Nb Nb and Ce/Pb relationships 
indicated that the granodiorites-tonalies and monzo- 
granites generated by a combination of mafic parental 
magma contaminated with crustal materials and con- 
trolled by fractional crystallization. 
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Abstract 

The study area lies within the Arabian Shield which 
includes Al-Shamiyya area. The aeromagnetic data are 
utilized to investigate the magnetic features of the study 
area. Several techniques have been used in order to 
enhance the interpretation of the aeromagnetic data where 
each technique implements a task towards the purpose of 
the study. The aeromagnetic data have been subjected to 
3D Euler deconvolution, magnitude magnetic transforms, 
edge enhancement using standard deviation, and pseudo 
gravity techniques. 3D Euler deconvolution is used to 
estimate the depth to magnetic sources and the structural 
indices which estimates the structural types that may exist 
within the study area. The results of this technique show 
that the depth of causative targets varies between 1.37 and 
5.20 km with average depth of about 3.6 km. Further- 
more, the estimated structural indices varies between 0.08 
and 0.27 with average of about 0.16, indicating that the 
common structure types is a contact (fault) model. 
Magnitude magnetic transforms is used it demonstrate 
the subsurface features where it is compared with the 
conventional reduce to pole technique to extra the zones if 
any. Also, this technique used to demonstrate the deepest 
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and shallowest causative targets within the study area 
using E and L transforms. Furthermore, total horizontal 
and vertical derivatives have been implemented using the 
magnitude magnetic transform showing the major struc- 
tural contacts and the enhancing shallow magnetic 
sources, respectively. Edge enhancement technique is 
mainly used to demonstrate the possible contacts within 
the study area. Several windows have been chosen in 
order to enhance the detail and the fine edges where larger 
windows are used to demonstrate the possible major 
contacts within the study area. The pseudogravity tech- 
nique is used to constraint and better depict the nature of 
subsurface causative targets which are essentially dom- 
inated by structures. This technique shows that the area 
mainly consists of three domains varies from low to high. 


Keywords 

Arabian shield • Al-Shamiyya * Aeromagnetic data • 
3D Euler deconvolution * Edge 

enhancement 


7.1 Introduction 

The area of study is located within the Arabian Shield 
between latitudes 21? 32' 30"N and 21? 52' 29"N and lon- 
gitudes 40° 03' 44"E and 40° 30' 17" (Fig. 7.1), where the 
Arabian Shield represents the eastern рап of 
Arabian-Nubian Shield. The tectonic evolution of the Ara- 
bian Shield has been a matter of debate (Al-Garni 2007). The 
evolution was discussed in terms of Wilson Cycle dynamic 
in 1970s; however, the terrane concept has become the main 
accepted since in mid-1980s. Wider views have been taken 
place in the mid-1990s in which the whole Arabian-Nubian 
Shield is located at the northern edge of the East African 
orogeny and viewed geodynamically in terms of fragmen- 
tation of Rodina with subsequent, collision between east and 
west Gondwana, leading through tome to arc accretion, 
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Fig. 7.1 ETM images showing the location of the study area 


orogeny, extension and orogenic collapse (Johnson and 
Woldehaimanot 2003). However, the final collision between 
east and west Gondwana has been still a matter of argument 
where the geodynamics-process played an important role in 
the control of the structural styles of the Arabian-Nubian 
Shield (Shackleton 1996; Abdelsalam et al. 1998; Johnson 
and Woldehaimanot 2003). Johnson and Woldehaimanot 
(2003) stated that the shield itself forms the suture zone 
between east and west Gondwana. Furthermore, the most 
important fabrics in the shield have been categorized into 
sutures and shear zones, thrusts, thrust duplex and 
thrust-related folds, successive phases of folding, domes and 
fractures (Hamimi 2006). In the present study, the aero- 
magnetic data are used to investigate the subsurface features 
as well as the estimation the depth to the causative targets. 
The subsurface features will be investigated using different 
techniques which are mainly pseudogravity, magnitude 
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magnetic transforms (MMTs) and normalized standard 
deviations (NSTD). The depth determination will be using 
an automatic algorithm based on the Euler deconvolution 
with unprescribed structural index. 

In this study, aeromagnetic data are used to delineate the 
subsurface features and approximating the depth to magnetic 
sources. In order to implement that goals, several techniques 
are utilized such as edge enhancement, and magnitude 
magnetic transforms (MMTs). The proposed techniques 
have been applied on the reduced-to-pole data deduced from 
the total magnetic intensity map. The aeromagnetic data 
have been subjected to filters based on using normalized 
statistics (normalized standard deviation, NSTD), which are 
mainly used as edge detectors in different ways. Magnitude 
magnetic transform (MMTs) have been utilized in order to 
enhance the aeromagnetic data interpretation. 


7 Аеготаапетіс Data Investigation of Al-Shamiyya Area ... 
7.2 Geology of the Study Area 


7.21 Syn-Tectonic Intrusions 

Precambrian layered rocks are largely confined to the 
northwest and southeast of the quadrangle (Fig. 7.2a). In the 
northwest they occupy less than 2096 of the outcrop area and 
their occurrence is widespread but discontinuous because of 
intruding Plutons and a cover of Cenozoic sedimentary rocks 
and lavas. The layered rocks are predominantly metamor- 
phosed lavas and associated volcaniclastic rocks ranging in 
composition from basalt to rhyolite, but quartz-, feldspar-, 
and carbonate-rich meta sedimentary rocks are also quite 
common, especially in the Zibarah and Fatima groups 
(Fig. 7.2a). The Zibarah group is an aggregate of the Madiq, 
Jumum, and Wuhayt formations. The characteristics of this 
group are comprised of the association of quartz-rich schists 
and metaquartzites with intruded banded of amphibolites, a 
metamorphic grade in the almandine-amphibolite facies, and 
the presence of structures thought to be related to the earliest 
tectonic event in the study area. The group is faulted and 
thrusted against formations of the Samran group and is 
overlain unconformably by the Fatima and Rahat groups 
(Fig. 7.2a, Moore and Al-Rehaili 1989). 

The Samran group occurs as rafts within and screens 
between plutons, and as envelopes of country rock around 
intrusions, except for a northeast-trending belt of Samran 
rocks in the east central part of the study area (Fig. 7.2a). 
The dominant structural trend is northeast. The group is 
consisted originally of mafic to felsic lavas and volcani- 
clastic rocks with subordinate sedimentary rocks. In many 
places the original volcanic, volcaniclastic, and sedimentary 
textures are preserved, but elsewhere deformation and 
metamorphism have caused the development of chlorite 
chlorite-sericite quartz-sericite, and quartz-feldspar schists 
(Schmidt et al. 1973). The Milh complex occurs as large to 
small masses enclosed by younger plutons within a broad 
zone of rugged, in places mountainous that extends north- 
eastward from the south-central boundary to the northeastern 
corner of the study area (Fig. 7.2a, b). The complex com- 
prises about half of the Makkah batholith, and consists 
predominantly of diorite and quartz diorite. It is metamor- 
phosed in the greenschist facies, and is generally weakly 
foliated except in zones of more intense deformation such as 
in the south and on the northwestern flank of the AI Sayl al 
Kabir pluton. In the southwest, the complex is preserved as 
roof pendants within the Nu'man batholith (Moore and 
Al-Rehaili 1989). The diorite to gabbro unit consists mainly 
of diorite, grading locally to gabbro. The diorite is fine to 
medium grained and is composed of an hypidiomorphic 
intergrowth of andesine and poikilitic hornblende, a few 
phenocrysts of zoned but untwinned feldspar (? oligoclase), 
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and minor accessory iron oxide. In places, the plagioclase 
laths have heavily sericitized cores and clear albitic rims, the 
hornblende crystals have developed fibrous blue-green 
amphibole at their margins, and minor amounts of brown 
biotite, muscovite, and chlorite are present. 

Diorite to quartz diorite is developed principally in two 
large intrusions, each elongated in a northeasterly direction 
and measuring about 30 km long and from 10 to 15 km 
wide, in the Red Sea escarpment zone northeast of the 
Makkah al Mukarramah At Ta'if highway and in the drai- 
nage area of wadi Malakan in the south. Quartz diorite 
predominates in both intrusions. 


7.2.2 Post-tectonic Precambrian Intrusive Rocks 


The Bahitah granite forms a single pluton that is located 
close to the east-central edge of the study area at the town of 
As Sayl AI Kabir. The pluton has a roughly circular outline 
about 12 km in diameter. It intrudes the Milh and Shamiyah 
complexes, contains large rafts of the Madiq formation, and 
is cut by numerous andesitic, rhyolitic, and granitic dikes, 
and quartz veins. The dikes are arranged tangentially to the 
circumference of the pluton and are possibly associated with 
ring fracturing (Smith 1980). Contacts of the Bahitah granite 
with its country rocks are sharp, and fine grained granite 
intrudes the country rocks in the contact zone (Fig. 7.2a). 
The Bahitah granite was described briefly by Nejaim. It is 
typically pink, leucocratic and fine- to medium grained and 
is composed of pink potassium feldspar, white plagioclase, 
and clear quartz. Modal analysis of a sample of microgranite 
collected during the present compilation from the granite at 
its contact with the Milh complex in wadi Harad (Sharq) 
indicated that the margin of the pluton 15 syenogranitic. 


7.2.3 Late-Tectonic Precambrian Intrusive Rocks 


The Nu'man complex (ngm, ngd) is well exposed in rugged 
country in the southeast of the quadrangle where it forms a 
large batholith, continuous into the Al Lith quadrangle 
(Pallister 1986). The complex is compiled from: most of the 
Na'man monzogranite of Smith (1980); the Al-Asayriah 
granite of monzogranite and biotite monzogranite at Az 
Ziyamah and northwest of Wadi as Sadr in the east-central 
part of the study area; the small granodiorite plutons of Wadi 
al Khaniq, Jabal al Laban and Jabal al Laban al Aswad in the 
south of the study area (Skiba and Gilboy 1975; Tayeb 
1983); and, in the same area, granite and granodiorite of the 
Abyad lobe of the batholith (Skiba and Gilboy 1975). Most 
of the Nu'man complex consists of  light-pink, 
coarse-grained biotite monzogranite potassium feldspar 
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Fig. 7.2 a Geology map of the study area (after Moore and Al-Rehaili 1989) and b rose diagram showing the trends of fault 
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phenocrysts. A detailed description of the monzogranite is 
provided by Marzouki (1977). Graded layering in monzo- 
granite at the top of the batholith in the escarpment south- 
west of Al Hada was studied by Hadley and Greenwood 
(1982), who demonstrated that individual layers are differ- 
entiated from base to top, from quartz diorite, tonalite and 
granodiorite, to monzogranite and syenogranite. On the 
flanks of the Abyad lobe, monzogranite grades outward to 
granodiorite (ngd). In the contact zone with tonalites country 
rocks, coarse-grained porphyritic biotite-hornblende gran- 
odiorite of the Nu'man complex is interlayered with, and 
contains abundant xenoliths of, diorite to gabbro of the Milh 
complex. Massive green-flecked  pinkish-gray biotite- 
hornblende granodiorite forms a small pluton centered 
12 km southwest of As Sayl al Kabir, and off-white, 
medium-grained granodiorite occurs as small bodies within 
the batholith in the Wadi Rahjan-Jabal Zahran area. 


7.2.4 Syn to (Early) Late-Tectonic Intrusive 
Rocks 


The Qattanah complex forms a large elliptical pluton 19 by 
10 km elongated northeast іп the south of the Hafnah bath- 
olith, and some smaller plutons in the northern and south- 
western parts. The plutons represent about 10% by area of the 
batholith. The main Qattanah pluton is composed of biotite 
monzogranite at the center grading outward into hornblende 
granodiorite. There are minor amounts of biotite leucogranite 
and  granophyre. Contacts with the country rocks 
(Samran-group meta-volcanics and quartz diorite of the 
Dighbij complex) are sharp and irregular, with numerous 
tongues of the Qattanah complex extending into the country 
rocks. At the contacts, the intrusive and country rocks are 
brecciated and very friable, and the country rocks are affected 
by contact metamorphism. The marginal zones of plutons are 
characterized by a planar fabric, and an abundance of xeno- 
liths and roof pendants that decrease in size and number away 
from the contract. Granodiorite of the Qattanah pluton con- 
sists of altered oligoclase-andesine, quartz, poikilitic 
microcline/microperthite, and minor amounts of hornblende, 
and brown biotite altered to chlorite in places. 


7.2.5 Tertiary Rocks 


The Cenozoic lava field of Harrat Rahat, one of the largest in 
Saudi Arabia, extends south for about 310 km from AI 
Madinah al Munawwarah into the northeastern part of the 
Makkah quadrangle (Camp and Roobol 1987, Fig. 7.2a). 
The Harrat has a total surface area of about 20,000 km? Lava 
tongues and erosional remnants form large and small Harrats 
that extend westward almost to the Red Sea coast north of 
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Sharm Ubhur. The Harrats are composed of flat-lying, un 
deformed alkali basalt surmounted by a few pyroclastic 
cinder cones. The lavas rest on a peneplain, or have infilled 
ancient Wadis, as indicated by the Khulaysiyah formation 
and the sinuous curve of AI Harrat and harrats flanking Wadi 
Fayd. The volcanic rocks of Harrat Rahat were mapped as 
the Shawahit basalt and Hammah basalt and assigned to the 
Rahat group by Smith (1981, 1982). The reader is referred to 
the work of Smith (1981, 1982), Ramsay (1983), and Camp 
and Roobol (1987) for detailed descriptions of the volcanic 
rocks. 


7.3 Structural Setting 


The structural zones have three principal trends: (1) north- 
east (Fatima, Al Abar, Hubaytah, Liyah, As Sadr, and AI 
Bujaydi zones); (2) east-northeast (Nu'man and Makkah 
zones); and (3) north-northwest (Zahran, Aydiyah, Yaj, and 
Samd zones). Lineaments are defined as mappable linear 
surface features, which differ distinctly from the patterns of 
adjacent features and presumably reflect subsurface phe- 
nomena. Earth surface linear features have been study theme 
for geologists through many years. Figure 7.3 showing the 
different lineament in the study area contain (faults, mafic 
dike and felsic dike Fig. 7.3a). 

The Nu'man and Makah structural zones may be of dif- 
ferent ages; the Nu'man zone is younger than the intrusion 
of the post tectonic Nu'man complex, whereas the Makkah 
zone is older, at least in part, than the Ju’ranah complex of 
the Kamil suite. Thus, the Nu'man zone involves foliated 
rocks of the Nu'man complex and cuts across, and is 
therefore possibly younger than, the northeast-trending 
(Fig. 7.3a, c, e) Hubaytah and As Sadr zones. In contrast, 
the Makkah zone runs between plutons of the Ju'ranah 
complex and involves foliated unassigned amphibolite, and 
the Milh and Ju'ranah complexes. It is intruded by small, 
post-tectonic granite and granodiorite plutons. The amphi- 
bolites, and possibly the Milh complex, were foliated prior 
to the emplacement of the Ju'ranah complex. Thus, the 
Makkah zone is in part older than the Ju'ranah complex, but 
is also partly the result of shearing between, and at the 
margins of, the Ju'ranah complex. The Nu'man zone is at 
least 55 km long and is paralleled for much of its length by a 
thick dike of pegmatite to spherulitic rhyolite. At its western 
end the zone is cut off by the later north northwest-trending 
Aydiyah structural zone. The Makkah zone is defined by 
parallel foliation, faults, and granitic dikes in the Milh and 
Ju'ranah complexes. In the east, the zone merges into the 
Wadi Ya'ruj fault that bisects the arc of dikes dragged par- 
allel to the Ad Damm fault (Smith 1980). 

The Ad Damm fault is the dominant structural feature in 
the southeast of the quadrangle. It extends from the Red Sea 
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coast, in the Al Lith quadrangle, into the adjacent Turabah 
quadrangle. The fault was named by Brown (cited in Falcon 
et al. 1970) and has been described by Smith (1980). Within 
then Makkah quadrangle, the fault strikes northeast to north 
northeast (Fig. 7.3e) and can be traced for about 85 km. It is 
divisible into two sections—a northern section that anasto- 
moses and becomes less distinct south of Ad Duhayyah, and 
a southerly continuation that is about 10 km to the west and 
is mostly coincident with wadi Ad Damm. The fault has a 
steep dip (65—80°) to the east and consists of several phyl- 
lonitic shear zones in a belt as much as 1 km wide. It is 
thought to be a right-lateral fault but the amount of dis- 
placement has not been determined (Goldsmith 1971; Smith 
1980). Evidence for right-lateral displacement in the Makkah 
quadrangle is based largely on drag, and arcuate fractures 
infilled by felsic and mafic dikes, on the western side of the 
fault. In the southerly adjacent Al Lithe quadrangle, the 
displacement is also right lateral. The relationship between 
the fault and the parallel structural zones to the west is not 
known. 


7.4 Aeromagnetic Data Analysis 


The aeromagnetic data have been digitized to 184 x 150 
data points from the original data (sheet 135) (Fig. 7.4). The 
data have been subjected to reduced-to-pole (RTP) where 
D = Do = 1.37°, I= Ip = 30.55°, assuming induced-only 
magnetization (Fig. 7.5). The aeromagnetic maps (Figs. 7.4 


Fig. 7.4 A total intensity 
aeromagnetic map of Shamiyya 
area, north east of Makkah 
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and 7.5) show various magnetic features characterized by 
relatively high, intermediate, and low magnetic values. 
A relatively high magnetic values is shown at the eastern and 
south western parts of the study area attributing to massive 
monzogranite to syenogranite and massive hornblende, 
interlayered gabbro, norite diorite and pyroxinite. The cir- 
cular feature in the satellite image and geology maps 
(Figs. 7.1 and 7.2a) are attributed to the Bahitah granite 
(syenogranite), which we believe it associated with magnetite 
in composition (Figs. 7.4 and 7.5). Furthermore, the rela- 
tively high magnetic values all over the magnetic map are 
attributed to either exposed/buried mafic and ultramafic 
rocks. The relatively quiet magnetic features are attributed 
mostly to felsic rocks such as granite. 


3D Euler Deconvolution 
with Unprescribed Structural Index 


7.4.1 


The equation of Euler homogeneity has been utilized for the 
development of Euler deconvolution method (Thompson 
1982). In this particular method the anomaly is assumed as 
homogeneous function in the spatial coordinates. The 
method is mainly used to estimate the depths and the 
structural indices of the causative target Gerovska and 
Arauzo-Bravo (2003). The present technique has been used 
in the interpretation of aeromagnetic data (Abuelnaga and 
Al-Garni 2015; Al-Garni 2007, 2016; Al-Garni and Has- 
sanein 2012; Saad et al. 2012). Following the method of 


6500 
6400 
6300 
6200 
6100 
6000 
5900 
5800 
5700 
- 5600 
5500 
5400 
5300 
5200 
5100 





645000 650000 655000 
Easting in UTM 


198 


Gerovska and Araüzo-Bravo (2003), the total magnetic 
intensity map has been subjected to the application of this 
technique, using window 6 x 6. In order to avoid many 
interfering singular points in one window, the size of the 
window has been kept appropriate. The grid spacing that are 
chosen here is 0.25 km in both x and y directions. The 
parameters that are used to implement the deconvolution as 
follow: 

Acceptance Level: It shows the maximum value which is 
allowed for the relative standard deviation that is weighted 
by the computed structural index. It is given the value 0.05 
where it is an empirical criterion as recommended by 
Thompson (1982), corresponding to a threshold value, 
t — 0.009 for the second cluster stage in order to avoid 
highly dispersed solutions. 


pmic It is the function of grid spacing, providing the 
maximum horizontal distance permitting two solu- 
tions to the same cluster when multiplied by the grid 
spacing. It is given a value of 1 as a scale unit 

pmac Itis used in the cluster fusion after multiplication by 


the maximum horizontal radius of confidence of all 
the clusters. It gives the maximum distance to 
permit two clusters to be fused where it is given a 
value of 1. 
pz Itis the scaling factor that is used to convert the depth 
to circles with radii proportional to the depths. It is 
given a value of 0.5 units. 


The total magnetic field map has been subjected to the 3D 
Euler technique where the solutions have been extracted 


Fig. 7.5 Reduced-to-pole map 
of total magnetic intensity map of 
Shamiyya area, north east of 
Makkah Quadrangle, Saudi 
Arabia 
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automatically using the method of Gerovska and Bravo 
(2003). The results have been demonstrated in 3D and 2D 
for the structural elements of the subsurface (Figs. 7.6, 7.7, 
7.8, 7.9, 7.10 and 7.11). 

The depth to the magnetic causative targets is shown in 
Fig. 7.6. The accepted structural indices are shown in Fig. 7.7. 
The second cluster stage can be shown in Figs. 7.8 and 7.9 
where the data have been nicely clustered after rejection the 
dispersed solutions. Hence, the level of confidence of the 
clustered solutions is commonly accepted (Fig. 7.10). There 
are 46 groups of final cluster indices of the accepted solutions 
(Fig. 7.11). The computed depths from these final clustering 
solutions varied between 0.5 and 1.17 km with average 
depth of about 0.76 km, and structural indices range between 
0.29 and 1.1 with average structural index of about 0.59, 
indicating a magnetic contact model, see Table 7.1. 


7.5 Magnitude Magnetic Transforms 


A total of three main groups of magnitude magnetic trans- 
forms (MMTs) has been constituted by Stavrev and Ger- 
ovska (2000). These transformed based on the field 
derivative order. The first group contains the T, transform 
which is considered as the derivative of the magnetic 
potential of the same order as the measured magnetic field, 
corresponding to the same magnetic anomalies as the mea- 
sured magnetic field. However, the T, transform have a 
better centered anomalies over the magnetic sources. The 
second group contains R, E, and Q transform as defined by 
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Fig. 7.6 A 3D graph of the 
estimated depths of sources 
singular points of Shamiyya area, 
north east of Makkah Quadrangle, 
Saudi Arabia, after second 
clustering stage 


Fig. 7.7 А 3D graph of the 
estimated structural indices of 
sources singular points of 
Shamiyya area, north east of 
Makkah Quadrangle, Saudi 
Arabia, after second clustering 
stage 
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Stavrev and Gerovska (2000) where this group involves the In this study, the E transform is computed and used as a 
first order derivative of the measured magnetic field. Thus, representative for the second group. The third group is the L 
this group is particularly used to present relatively shallow transform which involves the second derivative of the 
magnetic sources. Al-Garni (2016) used this technique for measured magnetic field. Thus, it can be considered as the 
the subsurface magnetic features of the southeast of most sensitive transform among the others for the shallowest 
Al-Muwayh quadrangle. The second group, the group con- magnetic causative targets. 

tains R, E, and Q transform, is related to each other by the There are five expressions of the MMTs have been pro- 
following expression (Stavrev and Gerovska 2000): vided by Stavrev and Gerovska (2000) where the total 


magnetic anomaly AT, 


Е? = (02 + 8/2 (1) 
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Fig. 7.8 Solutions of 
deconvolution algorithm for the 
southeast of Shamiyya area, north 
east of Makkah Quadrangle, 
Saudi Arabia, after second 
clustering stage 


Fig. 7.9 Indices of clusters 
solutions for the southeast of 
Shamiyya area, north east of 
Makkah Quadrangle, Saudi 
Arabia, after second clustering 
stage 


Sources horizontal projections 
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Fig. 7.10 Confidence intervals Clusters horizontal projections 


of horizontal positions of the 
center of gravity of clusters with 
their depths, obtained by 
deconvolution algorithm of 
Shamiyya area, north east of 
Makkah Quadrangle, Saudi 
Arabia, after second clustering 
stage, for т = 0.009 after second 
clustering stage, applied for 

Pmic = 1 and Prac = 1. Depth 
scaling parameter is p, = 0.5 
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Fig. 7.11 Indices of final 
clusters of clusters with their 
depths, obtained by 
deconvolution algorithm of 
Shamiyya area, north east of 
Makkah Quadrangle, Saudi 
Arabia, after second clustering 
stage 
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Table 7.1 Summarizes the numerical results of 3D Euler deconvolution method for the aeromagnetic data 


C. I. 

1.00 

2.00 

3.00 

4.00 

5.00 

6.00 

7.00 

8.00 

9.00 

10.00 
11.00 
12.00 
13.00 
14.00 
15.00 
16.00 
17.00 
18.00 
19.00 
20.00 
21.00 
22.00 
23.00 
24.00 
25.00 
26.00 
27.00 
28.00 
29.00 
30.00 
31.00 
32.00 
33.00 
34.00 
35.00 
36.00 
37.00 
38.00 
39.00 
40.00 
41.00 
42.00 


N. P. 
64.00 
5.00 
122.00 
5.00 
7.00 
239.00 
6.00 
10.00 
117.00 
8.00 
126.00 
35.00 
79.00 
16.00 
7.00 
58.00 
99.00 
33.00 
46.00 
16.00 
9.00 
259.00 
32.00 
114.00 
26.00 
12.00 
39.00 
33.00 
13.00 
14.00 
68.00 
39.00 
11.00 
39.00 
141.00 
5.00 
86.00 
40.00 
58.00 
54.00 
22.00 
43.00 


Xave 
7.99 
10.17 
26.47 
29.85 
35.51 
31.88 
19.07 
1.50 
14.26 
2.80 
3.93 
20.50 
8.52 
22.76 
18.58 
25.57 
14.14 
20.29 
20.11 
23.63 
8.99 
14.74 
25.07 
31.44 
8.55 
20.89 
2.92 
8.32 
34.64 
1.73 
25.49 
5.41 
19.41 
34.59 
33.10 
22.00 
24.97 
2.48 
19.65 
12.20 
30.62 
3.49 


Xcon 
3.59 
0.49 
4.07 
1.69 
1.64 
3.40 
0.40 
0.37 
2.91 
0.11 
2137 
0.69 
2.19 
1.97 
0.21 
2.81 
3.53 
3.14 
2.26 
1.36 
3.38 
9.70 
2.30 
2.81 
3.68 
3.72 
2.23 
1.65 
1.69 
1.48 
1.25 
2.78 
0.74 
1.12 
2.63 
1.43 
3.36 
0.82 
2412 
0.29 
1.70 
1.97 


Yave 
3.69 
0.93 
4.96 
0.46 
1.17 

10.38 
2.66 
3.08 
8.47 
5.17 

13.17 
1252 
9.61 

10.53 

11.05 

14.58 

15.67 

13.89 

18.62 

19.12 

19.26 

28.11 

22 

25.50 

22.50 

22.38 

24.28 

26.10 

26.27 

28.84 

30.74 

31.88 

30.35 

31.83 

38.32 

33.79 

37.70 

34.93 

37.42 

36.75 

37.12 

40.28 


Ycon 


4.15 
0.19 
3.55 
1.01 
0.83 

11.96 
1.61 
0.42 
5.9] 
0.46 
9.32 
1.99 
3.77 
0.99 
0.48 
4.30 
3.54 
0.82 
2.24 
2.25 
1.33 
9.45 
2.44 
541 
0.93 
0.72 
1.97 
2.66 
1.35 
1.65 
1.44 
2.63 
0.14 
1.41 
7.64 
2.74 
3.20 
0.25 
2.66 
0.73 
1.45 
3.73 


Zave 
0.71 
0.51 
0.65 
0.61 
0.56 
0.75 
0.68 
0.63 
0.75 
0.62 
0.63 
0.81 
0.72 
0.85 
0.92 
0.84 
0.81 
0.71 
0.93 
0.82 
0.50 
0.71 
0.68 
0.76 
0.53 
0.65 
0.74 
0.58 
0.85 
0.73 
0.98 
0.64 
0.78 
0.91 
0.86 
0.80 
0.77 
1.17 
0.75 
0.86 
0.69 
0.77 


Zcon 
0.54 
0.46 
0.38 
0.33 
0.40 
0.46 
0.44 
0.19 
0.61 
0.21 
0.34 
0.39 
0.34 
0.37 
0.32 
0.46 
0.46 
0.38 
0.60 
0.53 
0.30 
0.45 
0.31 
0.33 
0.45 
0.34 
0.37 
0.28 
0.52 
0.39 
0.49 
0.38 
0.33 
0.43 
0.49 
0.34 
0.50 
0.66 
0.27 
0.40 
0.35 
0.37 


Nave 
0.71 
0.50 
0.64 
0.43 
0.60 
0.69 
0.31 
0.29 
0.51 
0.73 
0.53 
0.73 
0.47 
0.36 
0.32 
0.94 
0.90 
0.54 
0.90 
0.73 
0.46 
0.67 
0.41 
0.57 
0.48 
0.31 
0.53 
0.53 
0.59 
0.30 
0.91 
0.54 
0.44 
0.59 
0.74 
0.48 
0.63 
0.97 
0.49 
0.53 
0.48 
0.49 
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Vcon 
1.21 
1.02 
1.03 
0.56 
1.54 
1.03 
0.63 
0.41 
0.74 
0.64 
0.84 
1.14 
0.80 
0.39 
0.37 
1.32 
1.20 
0.95 
1.26 
0.81 
0.70 
0.98 
0.73 
0.79 
0.80 
0.41 
0.86 
0.81 
0.84 
0.60 
1.33 
1.13 
0.66 
0.81 
1.30 
0.96 
1.17 
1.34 
0.84 
0.91 
0.68 
0.85 


(continued) 
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Table 7.1 (continued) 


C. I. N. P. Xave Xcon Yave 
43.00 48.00 25.25 0.21 43.36 
44.00 31.00 6.03 1.90 43.68 
45.00 6.00 23.06 0.37 44.38 
46.00 9.00 12.45 0.47 44.98 


NumPoi: Number of points 

Xcon: Confidence interval for variable X 

Ycon: Confidence interval for variable Y 

Zcon: Confidence interval for variable Z 

Ncon: Confidence interval for estimated structural indices N 
Xave: Average X value 

Yave: Average Y value 

Zave: Average Z value (depth) 

Nave: Average estimated structural indices for each cluster 


AT — [Ta + Tol — |70 == In~ s (2) 


where Tọ is the vector of the normal geomagnetic field and 
Tm is the magnitude of the measured magnetic field. The five 
expression of the MMTs have the following expressions: 


Т„ = (++, (3) 
К = |УТ,| = |XaVXa + YaVYa+ZaVZal/Ta (4) 


1/2 
E = (V? [2 = (ух, + | V.P |У2,0/2) 


(5) 


= Ү?Т, = (Гухар xvi as IVz,P- vr.) /T, 
(6) 
and 


1/2 


О = (T, V*T;) 


1/2 
= (ух, +|V¥al? + |VZ.- Iva) | 


(7) 


where “а” stands for anomalous, X,, Y, and Z, are the 
magnetic field components in the north, east, and vertically 
down direction, respectively. The reader can be referred to 
the work of Gerovska and Araüzo-Bravo (2006) for more 
detailed information. In case of 2-D, the three gradients R, 
E and О are equivalent where the Laplacian L = R^/T,. 
The computation of non-negative transform Т, does not 
depend on the direction of the vector magnetization 
(D, I) where in 2D and 3D cases this influence is weak 
unlike the RTP filter which requires the calculation of the 
direction of vector of magnetization (D, I) and the direction 
of geomagnetic field (Do, 10). The correlation between the 
results of the conventional RTP filer and the high centricity 
of the TMA, T,, has been carried out by Gerovska et al. 
(2009) to investigate the presence of remnant magnetization. 


203 


Ycon Zave Zcon Nave Vcon 
2.32 0.69 0.34 0.92 1.25 
0.93 1.05 0.43 0.45 0.79 
0.41 0.72 0.39 0.74 1.15 
0.35 1.10 0.39 1.10 0.91 


In this study, ће MMTs have been computed for the study 
area where the total magnetic field intensity map has been 
utilized in all computations. The aeromagnetic map of the 
study area has been digitized to 184 x 150 units (1 unit = 
0.25 km) in both x and y directions, respectively. The 
computation of Т, transform map (Fig. 7.12) requires a 
knowledge about the normal geomagnetic field (Do, 10) 
(Stavrev and Gerovska 2000). Figures 7.12, 7.13, 7.14, 7.15, 
апа 7.16 show the computation of the MMTS where they have 
a pattern similar to the shapes of the field causative targets 
anomalies which are centered over the magnetic causative 
targets. Stavrev and Gerovska (2000) studied the sensitivity 
integral coefficient where they found that the transformed T, 
has 10 times less dependence on the direction of magnetiza- 
tion compared to the measured field AT. They also found that 
T4 transform has high centricity than the measured field AT, 
using the relative derivative of the extremum principle of the 
anomaly from the epicenter of causative target. 

The correlation between the Т, and the RTP maps 
(Fig. 7.17) have been carried out where they shows almost 
the same pattern, revealing that the magnetic field causative 
targets have a direction of magnetization vector that is close 
to the present Earth's magnetic field. However, there are at 
least two zones А and B (Fig. 7.17) show that there are 
causative targets causing these anomalies, having remnant 
magnetization with different directions which could be 
opposite to the inducting field during the survey time. The 
positive values of the T, transform (Fig. 7.12) make the 
comparison between the magnetic anomalies with the hori- 
zontal position of the causative targets easier. The E trans- 
form map (Fig. 7.13) shows high dense of magnetic 
anomalies in the same manner as in Т, transform. These 
magnetic anomalies are related to the shallower parts of the 
magnetic sources whereas the L transform map (Fig. 7.14) 
shows the shallowest parts of the magnetic sources. 

The horizontal gradient of Т, (Т,) (Fig. 7.15) shows the 
horizontal derivative along line normal to the T4 transform 
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Fig. 7.12 T, transform map of 
Shamiyya area, north east of 
Makkah Quadrangle, Saudi 
Arabia 


Fig. 7.13 E transform map of 
Shamiyya area, north east of 
Makkah Quadrangle, Saudi 
Arabia 
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axis. The maxima of map anomaly represent the causative geology. The vertical derivative map of Т, (T;) (Fig. 7.16) 
targets’ edges where they have mainly NNW-SSE, NW-SE, enhances and emphasizes the near surface features 
NNE-SSW, N-S, E-W to ENE-WSW directions, corre- which shows similar features as in the E and L transforms 
sponding to the inferred structures from the surface structural together. 
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Fig. 7.14 L transform map of nT/km? 
Shamiyya area, north east of | 
Makkah Quadrangle, Saudi 
Arabia 
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Fig. 7.15 Horizontal gradient of nT/km 
T, transform map of Shamiyya 
area, north east of Makkah 
Quadrangle, Saudi Arabia 
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Fig. 7.16 Vertical gradient of T, 
transform map of Shamiyya area, 
north east of Makkah Quadrangle, 
saudi Arabia 
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7.6 Edge Enhancement Using Normalized 
Standard Deviation 


A local variability can be evaluated using windowed com- 
putation of the standard deviation of an image (Cooper and 
Cowan 2008). If the data are smooth, it is small; however, it 
is relatively large elsewhere. It works exactly as the same as 
the other filters of edge detectors such as horizontal gradient. 
In fact, the filter is basically based on the ratio of normalized 
standard deviations (NSTD) where large and small ampli- 
tudes edges can be observed all together and can be given as 
Cooper and Cowan (2008): 


üf 
Ox 


where 


f is the total magnetic intensity field 
O is the standard deviations. 


The standard deviations (с) can be computed using a 
moving square window of the data points. Further more, it 
can be computed for any given direction to enhance edges 
that normal to it. The filter is lesser sensitive to noise if a 
larger windows are used in the computation process whereas 
distort edges smaller than the window size. The algorithm 
has been widely used as an edge detector for the interpre- 
tation of aeromagnetic data (Abuelnaga and Al-Garni 2015; 
Al-Garni 2007, 2016; Al-Garni and Hassanein 2012; Saad 
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et al. 2012). The filter is used for different window sizes 
(W) 3, 5, 7, 9, 11 and 13 units (1 unit 2 250 m) as edges 
enhancement where it provides better resolution of edges of 
deeper sources (Figs. 7.18, 7.19, 7.20, 7.21, 7.22, 7.23 and 
7.24). It has been observed that there are larger number of 
edges using W - 3, 5, 7, 9, 11, 13, and 15 units. However, 
these fine detail edges can be suppressed using larger win- 
dow (W = 9, 11, 13 and 15 units) where there will be the 
major basement features shown (Figs. 7.21, 7.22, 7.23, and 
7.24). 'The analysis of the results of this filter shows that the 
edges are trending in NNW-SSE, М-5, and E-W to ENE- 
WSW directions as in the case of horizontal gradient tech- 
niques (Fig. 7.15). 


7.7 Pseudogravity 


It is known that the gravity anomalies are simpler than the 
magnetic anomalies, which is attributed mostly to the 
interaction between the earth's magnetic field and the geo- 
logical features where the magnetic field is generally at an 
angle to the surface. The magnetic and gravitational fields 
are linked via a well-known equation which is Poisson's 
relation. The assumptions behind that are the boundaries of 
magnetic and gravity causative targets should be the same 
and the magnetization intensity and density are proportional 
through the study area. Thus, the gravity field, which 15 
known as pseudogravity in this transformation, can be 
derived from magnetic field via the following Poisson's 
relation (Fig. 7.25): 
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Fig. 7.17 Comparison between 
T4 transform and RTP maps 
showing different zones 
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Baranov (1957) used the Poisson's relation where he 
introduced a linear filter that is usually mentioned to as the 
pseudogravity transformation where the output from the 
pseudogravity transformation is a unipolar field. This 
transformation has similar proprieties to a gravity anomaly 
which would be observed should the magnetization be 
complemented with an accurately proportional density dis- 
tribution (Cheyney et al. 2011). The result of this transfor- 
mation can simplify the interpretation of shape and location 
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Fig. 7.18 Calculated normalized Normalised SD, window - 3 units 
standard deviation (NSTD) filter 
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Fig. 7.19 Calculated normalized Normalised SD, window - 5 units 
standard deviation (NSTD) filter 


using window - 5 units 
(1 unit 2 0.250 km) 
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Fig. 7.20 Calculated normalized Normalised SD, window - 7 units 
standard deviation (NSTD) filter 
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Fig. 7.21 Calculated normalized Normalised SD, window - 9 units 
standard deviation (NSTD) filter | 


using window = 9 units 
(1 unit 2 0.250 km) 140 


120 


100 


Distance in unit 
co 
cC 


о 
oe 


40 


20 





20 40 60 80 100 120 140 160 180 
Distance in unit 


210 M. A. Al-Garni et al. 


Fig. 7.22 Calculated normalized Normalised SD, window - 11 units 
standard deviation (NSTD) filter 
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Fig. 7.24 Calculated normalized 
standard deviation (NSTD) filter 
using window - 15 units 

(1 unit 2 0.250 km) 


Fig. 7.25 Pseudogravity map of 
Shamiyya area, north east of 
Makkah Quadrangle, Saudi 
Arabia 
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of causative targets. Computing the pseudogravity transfor- which causes that the pseudogravity transformation map 
mation of the total magnetic intensity field data has the effect (Fig. 7.25) appears much smoother than the total magnetic 
of suppressing the high-wavenumber component of the data intensity map (Fig. 7.4). 
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In certain cases where gravity and magnetic data arise 
from the same sources, transforming magnetic field into their 
equivalent pseudogravity field can be a useful tool to 
investigate the relationship between the two fields where this 
process has the effect of centering sources at their causative 
bodies as well as enhancing broad features of the data. 
Figure 7.9 shows the pseudogravity map which has been 
derived from the total magnetic field intensity тар 
(Fig. 7.4). It shows, in general, three major identified 
domains: the western domain may correspond to a broad 
low, separated by a high in the middle. The second pseudo- 
gravimetric domain corresponds to low where it is located at 
the southwest of the study area. The third pseudo-gravi- 
metric domain is located at the middle of the study area and 
on the flanks of the broad two low domains. Within this 
pseudo-gravimetric configuration, the main lineaments are 
observed striking NNW-SSE and NNE-SSW. 


7.8 Conclusions 


The aeromagnetic data have been processed and analyzed 
using different techniques such as 3D Euler deconvolution, 
magnitude magnetic transforms, edge enhancement using 
standard deviation and pseudogravity. Each of which has 
been utilized to demonstrate and enhance the magnetic fea- 
tures of Al-Shamiyya area. 3D Euler deconvolution used as a 
depth estimator technique and structural indices estimator. It 
shows that the depths range between 1.37 and 5.29 km with 
average depth of about 3.6 km. The estimated structural 
indices from 3D Euler deconvolution varies between 0.08 and 
0.27 with average of about 0.16, showing that the common 
structure types is a contact (fault) model. The magnetic 
magnitude transforms are used to implement the so-called T,, 
E and L transforms. The T, transform is used as the RTP 
technique where it less depend on the inclination and decli- 
nation unlike the RTP technique. The E and L transforms 
show the shallow and the shallowed magnetic causative tar- 
gets, respectively. In order to study the possible contacts 
within the study area, edge enhancement using standard 
deviation is applied to the aeromagnetic data where small 
windows are used to show the small fine details contacts and 
larger windows for the possible major contacts. Three 
domains are recognized within the study area using pseudo- 
gravity technique. Utilizing different techniques is very 
helpful in enhancing and demonstrating the aeromagnetic data 
where they provide us a nice view of the subsurface structures. 
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Part 111 
Hydrology, Hydrogeology and Water Resources 


Saleh A. Bajabaa 


Abstract 

Contamination of surface water, groundwater, sediment, 
and atmosphere by heavy metals and radionuclide is 
among the most significant issues facing the Kingdom. 
Wadi Haliy is considered as important source of water to 
the Red Sea coastal plain. Copper, zinc and other 
base-metals mineralization occur in the Precambrian 
Arabian shield rocks that dominate the water catchments 
area of this wadi. The water samples were analyzed for 
major, trace elements and heavy metals using collabora- 
tive techniques. The groundwaters in Wadi Haliy are of 
СІ-5О-Ма-Са type. The variation in water type indicates 
variation in natural processes such as evaporation, 
differences in rock units and mineralization, water rock 
interactions and water residence time. The data analyses 
showed some samples are of high heavy metals and 
uranium contents. Pollution by heavy metals and uranium 
arises mainly from neighboring rocks and also from 
emissions from mining activities. Generally, the uranium 
and heavy metal contents are higher in samples collected 
from the upstream area of the wadi where the crystalline 
rocks are exposed and in direct contact with the runoff. 
The Elevated heavy metal and uranium contents suggests 
that these mining areas are considered as potential sources 
for these natural pollutants and likely affecting the water 
quality in these wadis. The attenuation of heavy metals 
and uranium is reported in this study along the flow path, 
from the mining area to downstream. The processes 
governing the evolution of the leachates plume and its 
heavy metals budget are modeled in two steps: (1) Neu- 
tralization of acidic mine drainage water; (2) Heavy metal 
attenuation Бу adsorption, evaporation and 
co-precipitation with Fe oxides. 
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8.1 Introduction 

Groundwater quality mainly depends on the geological for- 
mation of underlying rocks. i.e. the aquifer's size and the 
sampling position (Hussain et al. 2010). This is controlled by 
the variation in local and regional geology, water/rock 
interactions, and dilution due to precipitation (Zaidi et al. 
2015). The groundwater quality in most regions of Saudi 
Arabia does not show serious problems, but there are some 
of problems in the water quality. This appear in the work 
published about Hail area by Al-Turki (2010) where the 
microbial and chemical contamination of groundwater is 
caused by many different sources that include intensive 
usage of fertilizers, pesticides and animal waste. Generally, 
the quality of groundwater in Saudi Arabia 15 scarcely tested 
before wells are put into production. 

The problem of contamination of groundwater by heavy 
metals has received much attention in recent years. In par- 
ticular, lead which is a heavy metal of serious environmental 
concern. One of the physiological effects of lead is its 
detrimental to the neurological development of children. 
Major sources for heavy metals in groundwater are the areas 
where there has been significant mining activity. Drainage 
flowing from mine tailings can enter surface water, irrigate 
soils and groundwater, and causing harm to human beings 
and animals. 

An understanding of the movement of heavy metals in 
soils, and its interaction with the soil minerals is important. 
Heidmann (2004) investigated the influence of a natural 
organic substance on Cu and Pb binding to a clay mineral in 
a model system, and determined the effects of Pb, Cu, and 
Ca on particle aggregation in these clay-organic substance 
suspensions. The types of reactions that are likely to control 
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the distribution of heavy metals in soils are mineral precip- 
itation and dissolution, ion exchange, adsorption and des- 
orption, aqueous complication, biological immobilization 
and mobilization, and plant uptake (Pierzynski et al. 1994; 
Levy et al. 1992). Generally, levels of more than 4 ppb 
uranium are considered to be anomalous. However, іп arid 
continental conditions contents of several hundred ppb U 
have been recorded (Thornton 1983). The reason for 
selecting Wadi Haliy is the occurrence of copper, zinc and 
other base-metals at eastern parts of these quadrangles close 
to the water divide (Al-Hageri 1977; Prinz 1983). 


8.1.1 Objective and Scope of the Present Study 
The overall goal of this research is to provide a new infor- 
mation concerning the distribution and concentrations of 
different kinds of heavy metals and radio-elements in the 
groundwater of the study area, their fate and source rocks. 


8.1.2 Materials and Methods 


Thirty one groundwater samples were collected from surface 
and groundwater wells of Wadi Haliy area. The majority of 
these samples were collected in spring and early summer 
while the rest were collected in fall after rainy season and 
floods. 

The collected water samples were analyzed for their heavy 
and trace elements contents (72 elements) at the Acme 
Analytical Laboratories (Acmi Labs). High precision Induc- 
tively Coupled Plasma-Atomic Emission Spectroscopy 
(ICP-AES) was used in these analyses. Sulfates were deter- 
mined spectrophotometrically using Spectronic 20D. The 
standard used was sodium sulfate, Merick and the measure- 
ments were done at wave length 420 nm. Sodium and 
Potassium were determined using Flame photometer (Jen- 
way). The used standards are Nentech NaCl and Merick KCI. 
Chlorine, carbonate, bicarbonate, calcium and magnesium 
were determined using titration method. Chlorine was mea- 
sured against silver nitrate using potassium dichromate as 
indicator; carbonate and bicarbonate were measured against 
sulfuric acid using methyl orange and ph.ph. as indicators. 
Calcium and magnesium were measured against EDTA using 
eriochrome black-T and murexide as indicators. 

Trace and heavy metals were determined using the 
Ultra-sonic Nebulizer equipped ICP-ES. This technique 
involves pouring 10 ml aliquots into acid-treated test tubes 
and a duplicate aliquot is taken from one sample for moni- 
toring precision. Control standards STD-W and STD-WO2 
were used to monitor accuracy. Immediately prior to analysis, 
calibration standards are used in the beginning and at the end 
of the analysis. Water blanks are randomly inserted into the 
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sample sequence. Samples are aspirated using an Ultrasonic 
Nebulizer into a Jarrel Ash AtomComp 950 Inductively 
Coupled Plasma optical Emission. Spectrograph (ICP-ES). 
The data were corrected for instrument and element interfer- 
ence using a computer soft ware connected with the ICP-ES. 


8.1.3 Climate Conditions and Air Masses 


The climatic conditions at the catchment areas are influenced 
by the topography of the region and its proximity to the Red 
Sea on the western side and its nearness to the Empty Quarter 
Desert on the east side. The meteorological data that include 
information on temperature, solar radiation, sunshine, air 
humidity, wind speed and evaporation were reported in the 
data manual known as the Climatic Water Balance in Saudi 
Arabia (Al-Jarash 1989). Taha et al. (1981) indicated that the 
south-west of Arabia can be divided into three main climatic 
types: I—The warm, rainy climatic type with a dry winter 
which prevails in the Asir Mountains. 2--Тһе hot steppe 
climatic type which prevails on the plateau. 3--Тһе hot 
desert climatic type which prevails in the Red Sea coast area. 


8.1.4 Geologic Setting 


The southwestern part of the Kingdom of Saudi Arabia 
consists of a wide coastal plain stretching eastward to the 
summits of Asir escarpment. The escarpment consists 
mainly of highly deformed and metamorphosed Neopro- 
terozoic (850—550 Ma) volcanic and sedimentary rocks with 
vast amounts of granitic, dioritic and other igneous rocks of 
the Arabian Shield developed in an oceanic island arc 
environment. Wadi Haliy quadrangle were mapped at a scale 
of 1:100,000 and explanatory notes to the geological map of 
Wadi Haliy quadrangle at 1:250,000 were prepared by Prinz 
(1983). Prospecting and stream sediment sampling in the 
western part of the study area were carried out by Dames and 
Moore (1978). 

The Arabian Shield is thought to have formed by accretion 
of intra-oceanic island arcs, back-arc basin complexes, and 
allochthonous continental blocks or microplates mainly dur- 
ing Pan-African time (about 680-640 Ma) (Camp 1984; 
Stoeser and Camp 1985; Johnson 2000; Stoeser et al. 2001). 
This complex tectonic history formed the Neoproterozoic 
(about 900-570) Arabian Shield crystalline basement, 
composed of: (1) deformed and metamorphosed volcano— 
sedimentary assemblages of oceanic plateau, mid-oceanic- 
ridge, intraoceanic and continental-margin tholeiitic and 
calc-alkaline volcanic arcs,  epicontinental volcano- 
sedimentary rocks, and back-arc, pull-apart and graben 
assemblages; (2) vast amount of orogenic plutonic rocks such 
as gabbro, diorite, quartz diorite, tonalite, trondhjemite and 
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granodiorite; and (3) synorogenic, post-orogenic and anoro- 
genic granites such as tonalite, trondhjemite, granodiorite, 
gabbro, granite and syenite (Johnson 2000; Stoeser 1986). 
The latest tectonic model divides the Arabian Shield into 
eight distinct geological terrains separated mostly by 
ophiolite-decorated suture zones. The four ensimatic terrains: 
Asir composite, Jeddah, Hijaz, and Midyan, occur in the west, 
whereas the four continental affinity terrains: Afif composite, 
Ad Dawadimi, Ar Rayn and Hail, crop out in the east. 

Wadi Haliy area is bounded between latitudes 18? 30'— 
19° 00'N and longitudes 41° 15'-42? 00'Е (Figs. 8.1 and 
8.2а). It comprises mainly metamorphosed volcanic, sedi- 
mentary and plutonic rocks of late Proterozoic in age. Four 
principle units were identified in this area, namely: Baish, 
Bahah, Jeddah and Ablah groups. The first three groups 
represent an island-arc complex, whereas the latter (Ablah 
group) originated early in the formation of Andean-type arc 
system (Prinz 1983). The Baish group consists predominantly 
of mafic metavolcanics rocks, whereas, Bahah group consists 
of schists and Jeddah group consists mainly of amphibolites. 

According to the geologic map (Fig. 8.3, Johnson 2006) 
the following rock units are described in the study area and 
described from the older to the younger as follows: 
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1. Bidah-belt volcanic and sedimentary rocks (bb) which is 
named after the Bidah structural belt, consists of meta- 
morphosed volcanic, volcaniclastic, and sedimentary 
rocks in the western part of the Asir terrane, located on 
either side of Wadi Bidah and extending south as far as 
Ad Darb. 

2. Shwas belt volcanic and sedimentary rocks (sh) which 
forms a narrow structural domain along the west side of 
the An Nimas batholith in the Asir terrane. It contains an 
assemblage of greenschist-facies moderately deformed 
volcanic and sedimentary rocks. The rocks include flows 
and pyroclastic rocks of andesitic, dacitic, and basaltic 
compositions, green and red, feldspathic to lithic gray- 
wacke, tuff, flat-pebble-to-boulder conglomerate, and 
thin gray marble. They are metallogenically significant as 
the host rocks for VMS base metal and gold deposits, one 
of which (Al Hajar) is currently exploited. 

3. Hali group (ho) which forms a narrow belt of metasedi- 
mentary and subordinate metavolcanic rocks in the 
southern part of the Ablah belt in the western part of the 
Asir terrane. It consists of sequence of high-grade 
quartz-biotite-garnet schist, interlayered with 
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Fig. 8.1 Satellite image of Wadi Halyi district showing the Arabian Shield rocks in the upstream part 
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Fig. 
southwestern part of Saudi Arabia 
showing Wadi Halyi Basin; 

b Stations and Location numbers 
of the studied water samples 


8.2 a Drainage basins in the 
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amphibolite and subordinate layers of marble, pebble- 
conglomerate schist, and rhyolitic schist, phyllite, and 
sandstone. 


4. Nimas complex (an) consists of pretectonic mafic to 


intermediate plutonic rocks that intrude the layered rocks 
of the Tayyah and Shwas belts in the Asir terrane. 


. Qiya complex (qg) consists of bodies of deformed tona- 


lite, granodiorite, and granite in the western part of the 
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Asir terrane. The complex forms a large batholith of 
orthogneiss at Qiya village, 75 km southeast of At Ta'if. 
Other antiforms or domes of massive to foliated grani- 
toids assigned to the complex extend as far south as the 
Baqarah dome at about 18*50'N, 42°10'Е, and together 
make up the Afaf gneiss belt. 


. Cenozoic Rocks which are consist of Tertiary basic 


volcanics (Harrat) and quaternary wadi deposits. 
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Fig. 8.3 Geologic map of the 
study area (modified after 
Johnson 2006) 
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intrusions contain aquifers, which are locally important to 


8.2 Groundwater Chemistry individual farms and small communities, but the most sig- 
nificant groundwater systems are contained in what has been 
8.2.1 Groundwater Aquifer termed the Principal Wadis Alluvium. The Principal wadi 


Alluvium is contained within the drainage line of the main 
The only known significant aquifer systems in the basin аге wadi and some of its largest tributaries. The Principal Wadi 
contained within the wadi infill alluvium. Pediment and Alluvium system has been defined as main channel alluvium 
outwash deposits surrounding igneous and metamorphic and is generally limited to those areas where the mean wadi 
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alluvium range between 20 and 500 m approximately meters 
in width. 

Secondary alluvium, which is made up of the alluvial 
deposits flanking the main channels, plus other alluvial 
deposits are also occur. These deposits are generally of much 
lower permeability than the Principal Wadi Alluvium, and 
generally cannot maintain widespread groundwater 
development. 

The meteoric water recharge in the study area depends 
upon the intensity of rainfall rather than the value of the 
mean annual precipitation because the evaporation rate may 
exceed the infiltration capacity after the low intensity rain- 
falls. On the other hand, the intensive floods have quantities 
of water responsible for the groundwater recharges through 
the alluvial sediments and the weathered and fractured hard 
rocks of Asir Escarpment Mountain chain. Because of the 
steep gradient and low permeability of the hard rocks, runoff 
plays a significant role in the hydrological balance as a 
source for the recharge to alluvial and fractured rocks in the 
studied wadis. The water levels and salinity are expected to 
be varies seasonally where the minimum of salinity and the 
maximum of water levels are attained at the end of floods. 

The composition of natural waters is determined by a 
number of processes, which include wet and dry deposition 
of atmospheric salts, evapotranspiration and water-rock 
interaction. In any hard rock, trace and minor elements are 
distributed between rock-forming minerals, accessory min- 
erals and intergranular space. The latter includes phenomena 
such as surface ion exchange, ion adsorption at mineral 
surfaces and easily soluble phases. The portion of individual 
elements in the intergranular space is particularly accessible 
to fluids. The mobility of metal ions in any rock, therefore 
depends on the amount of elements hosted in these spaces 
(Giese et al. 1991). On the other hand, the breaking down of 
some rock-forming minerals such as feldspars is considered 
to be one of the most important elements contributors to 
surface and groundwater. 


8.2.2 Major lons of Groundwaters 


The data of the major ion content of the groundwater of 
Wadi Haliy (Fig. 8.21; Table 8.1) shows that, in Wadi Haliy, 
the dominant anions are sulfate and chloride, but bicarbonate 
is also found in some samples. The typical proportions for 
major anions аге 50:35:15 (SO4:Cl:HCO3). The dominant 
cations are sodium and calcium but magnesium is also 
prevailing in some samples. 

The major elements of the groundwater of the study area 
are plotted on the Trilinear and Durv diagrams (Figs. 8.4 and 
8.5), the cations plotted in the diagram are showing the 
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typical proportions of the major cations are 50:39:11 (Na:Ca: 
Mg). The ground waters in wadi Haliy can also be classified 
as secondary salinity where (SOf + СІ > Na + K). The 
variation diagrams show nearly the same values of Ca in 
most of the wells (Fig. 8.6a). Also, Na shows the same 
values where it reaches not more than 400 ppm except three 
wells (Fig. 8.6b). Mg shows also the same values (Fig. 8.6c) 
except one well (well No. WH34). Which have a high Mg 
values (323.55 ppm). Also, CI shows normal distribution 
without well no. WH 34, WH 600 (Fig. 8.6d). 

Figure 8.7a also shows nearly the same values of SO, in 
the studied wells. Figure 8.7b also shows a very strong 
positive correlation between Ca and SO, which indicate 
gypsum dissolution. There is a very strong positive corre- 
lation between SO, and Mg which indicate sulphate mineral 
dissolution (Fig. 8.7c). Figure 8.7d also shows a positive 
correlation between Na and Cl which indicate halite 
dissolution. 


8.2.3 Heavy Metals Contents of Groundwater 


Pollution by heavy metals arises mainly from neighboring 
rocks enriched in heavy metals and from point source 
emissions from mining activities and a wide variety of 
industries. These heavy metals contaminants represent a 
threat both to aquatic ecosystems and to human health, since 
they tend to accumulate in all living organisms. The threat is 
increasing because of the enormous number of new com- 
pounds constantly being produced and released into the 
environment. Heavy metals in surface water can damage 
plants and affect humans through the food chain or exposure 
to contaminated drinking water. The fate and effects of 
pollutants discharged into a particular water body will 
depend not only on the amount of polluting substances 
emitted, but also on the hydrological, physical, chemical and 
biological conditions characterizing the concerned water 
body. 

The trace elements content of the studied groundwater 
samples are shown in Table 8.2. The variation diagram of 
these trace elements (Figs. 8.8 and 8.9). Figure 8.8a shows 
the distribution of Ag where most of the wells are nearly of 
the same of the Ag contents. Wells no. 1 and 15 are of 
relatively high Ag content. The distribution of Cu (Fig. 8.8b) 
show nearly the same values (1—3 ppm). Wells no. 1—10 are 
of relatively of high Ag content. Figure 8.8с shows the Fe 
distribution and it is clear that well no. 1 and 32, 33, 34 are 
also of relatively higher Fe content. The distribution of Pb is 
clear in Fig. 8.8d where the values are nearly similar to Ag 
which reflects the releasing of these metals from sulphide ore 
deposits. The Pb values are within three levels. The 
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Table 8.1 Trilinear (piper) 


diagram of Wadi Halyi 2 ia = 

groundwater HW 34 588.99 15.46 
HW 35 142.97 6.71 
HW 36 164.52 1.38 
HW 37 174.6 4.66 
HW 38 181.61 5.35 
HW 39 183.07 4.83 
HW 40 76.05 1.89 
HW 41 149.53 4.62 
HAY 42 98.09 3.85 
HW 43 109.1 4.66 
HW 44 287.89 1.16 
HW 45 А 133.05 5.48 
HW 45 B 86.96 4.51 
HW 46 77.56 4.49 
HW 47 123.61 5.48 
HW 4S 179.24 7.13 
HW 49 186.51 6.44 
HW 50 171.31 6.89 
HW 51 145.32 3.97 
HW 52 148.36 5.18 
HW 53 133.88 4.8 
HW 54 161.84 5.87 
HW 55 210.3 5.05 
HW 56 108.68 4.83 
HW 57 178.4 5.02 
HW 58 100.53 2.23 
HWY 59 112.45 2.05 
HW 60 220.66 2.3 
HW 61 171.55 3.59 
HW 62 159.31 4.49 
HW 63 123.06 4.63 


distribution of 5 (Fig. 8.9а) shows irregular distribution and 
the wells are present in some clusters which reflect the 
passing of the groundwater along sulphide deposits of pat- 
chy distribution during the flowing from up to down stream. 
Figure 8.9b shows the Si distribution which is nearly similar 
to the irregular distribution of S. The plotting of U against Sr 
reflects a very positive correlation (Fig. 8.9c) and it also 
reflect the localization of Sr values between О and 200 ppm. 
The plotting of Fe against Cu (Fig. 8.94) show weak positive 
correlation which indicate the derivation of the cations from 
sulphides deposits. 
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Mg Na CI SO^ HCO4 
323.55 469.13 1651 1354.16 238.95 

42.94 77.17 92 2412 292.71 
46.63 181.81 313 355.62 249.7 
68.52 218.35 441 545.78 121.86 
70.54 221.27 466 563.89 121.86 
70.27 223.83 470 559.78 119.48 
21.81 58.32 71 122.66 191.16 
50.17 146.63 315 429.71 112.31 
29.89 75.82 152 232.97 112.31 
34.5 87.07 178 264.25 121.86 
85.49 474.29 602 947.5 232.98 
39.41 105.5 201 299.64 107.53 
23.63 67.12 131 186.87 103.94 
22.98 69.7 131 190.16 87.22 
37.93 101.38 206 288.94 119.48 
60.67 131.57 297 460.17 119.48 
88.52 243.84 630 488.98 103.94 
61.98 153.39 362 435.47 95.58 
68.39 155.6 282 423.12 107.53 
50.52 119.8 248 372.91 95.58 
48.84 120.72 207 351.51 103.94 
85.51 206.94 407 549.9 123.06 
94.08 191.24 377 693.96 103.94 
52 147.88 209 370.44 181.6 
84.31 286.56 445 694.78 152.93 
74.08 102.74 206 303.76 156.51 
84.1 125 290 355.62 139.79 
151.43 647.65 1063 977.14 114.7 
101.84 247.74 616 533.43 89.61 
66.23 154.57 310 419.01 114.7 
41.1 84.36 188 279.06 95.58 
8.2.3.1 Lead (Pb) 


Because of size and charge similarities, lead can substitute 
for calcium and included in bone. Children are especially 
susceptible to lead because developing skeletal systems 
require high calcium levels. Lead that is stored in bone is not 
harmful, but if high levels of calcium are ingested later, the 
lead in the bone may be replaced by calcium and mobilized. 
Once free in the system, lead may cause nephrotoxicity, 
neurotoxicity, and hypertension. Areas of particular risk are 
places where the drinking water is obtained from geologic 
strata with significant lead content. Areas which have 
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Fig. 8.4 Trilinear (piper) diagram of Wadi Halyi groundwater 


deposits of gold, zinc, and other economically useful metals, 
also have lead as an ore contaminant and the “tailings” of the 
mining and purification of the ore often have a very high 
lead content. The current concentrations of lead in the 
groundwater and surface runoff in most of Wadi Haliy 
(Table 8.2) are within safe values (average less than 
0.1 ug/l). 


Toxicity 
Following ingestion of a large amount of lead, there will be 


direct tissue interaction. This includes tissue desiccation, 
mucosal tissue damage in the GI tract, and convulsion 
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possibly resulting in death. The most sensitive system 1s the 
hematopoietic (blood forming) system, with hypochromic 
microcytic anemia common (Nwankwo and Ibrahim 2006). 
The biosynthesis of hemes in general is deranged by the 
presence of lead. 


8.2.3.2 Arsenic (As) 

Arsenic (As) is another heavy metal that could become a 
problem with respect to polluting groundwaters, impairing 
their use for domestic water supply purposes. The current 
US EPA drinking water MCL for As is 50 ug/l, the US EPA 
is in the process of lowering this MCL to 20, 2 or 0.2 ug/l, 
based on the projected cancer risk to humans through 
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HCO3+CO3 


Fig. 8.5 Durov diagram of Wadi Halyi groundwater 


consumption of drinking water. If 2 ug/l or less is selected 
as the new As MCL, then there could be significant prob- 
lems in most of the studied area (Table 8.2) where ground- 
water system is used for domestic water supply purposes. 


Toxicity 


Arsenic ingestion can cause severe toxicity through inges- 
tion of contaminated food and water. Ingestion causes 
vomiting, diarrhea, and cardiac abnormalities (Huet et al. 
1975). Arsenic sprays or gases were used during World 
War I trench warfare, the one favored by the British was 
known as Lewisite. Arsenic can produce all three types of 
toxicity at difference dosages, acute, sub-acute, and chronic. 
One sign of acute exposure is edema of the eyelids, and 
gastrointestinal irritation, and both central and peripheral 
neuropathies frequently occur. 

The first rational antidote to heavy metal intoxication was 
developed during World War II in anticipation of a 
re-initiation of gas warfare by the Germans. It was developed 
specifically for the British Lewisite gas and was thus known 
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as British Anti-Lewisite, or BAL. The chemical compound is 
DIMERCAPROL. The rationale for its use was based on the 
fact that arsenic binds quite specifically to sulfur groups in 
the affected tissues. Dimercaprol has very active and rela- 
tively non-toxic sulfhydryl groups that interact with the 
arsenic to inactivate it. This phenomenon is known as 
chelation. Chelators are the class of compounds which are 
used in the treatment of heavy metal intoxication. 


8.2.3.3 Mercury (Hg) 

Mercury is a highly toxic heavy metal; it frequently com- 
bines with a methyl group to become methyl mercury. This 
form of mercury is found in a variety of environmental 
pollution situations and can produce a range of toxicities. 
Elemental mercury is less labile but produces a similar set of 
toxic manifestations. When mercury enters water it is often 
transformed by microorganisms into the toxic methyl mer- 
cury form which causes a great risk to humans. The National 
Drinking Water Standard (NPDWS) for mercury is 2 ug/l 
(Rechcig] 1995). The measured Hg values in the 
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Fig. 8.6 Distribution of the major cations and anions of Wadi Halyi area. a Ca; b Na; c Mg; d Ca 


groundwaters from the studied wadis fortunately indicate 
safe levels where the averages in all wadis are less than 
0.1 ug/l. 


Toxicity 


Organic or inorganic mercury can both precipitate protein in 
a local reaction. In the GI tract, acute poisoning produces a 
sloughing away of the mucosa to an extent where pieces of 
the intestinal mucosa can be found in the stools. This pro- 
duces a large loss of fluids and electrolytes. Mercury also 
breaks down barriers in the capillaries. This results in edema 
throughout the body (Hua et al. 1996). A range of neuro- 
logical toxicities are also common. These include lethargy 
(at low doses), excitement, hyper-reflexia, and tremor. Often 
a psychotic state resulting in hyper-excitability. The 
expression “Mad as a Hatter’ originates from the hat-makers 
of the 19th century who were chronically exposed to mer- 
cury compounds used in making felt hats. The CNS effects 
аге slowing or incompletely reversible. In chronic 


intoxication there is mercury line at the gingival border 
similar to the “lead line". Mercury is especially poisonous to 
rapidly growing tissue. A common effect is deterioration of 
alveolar bone in the jaw, with a subsequent loosening of the 
teeth. 


8.2.3.4 Cadmium (Cd) 

Cadmium is an element that occurs naturally in the earth's 
crust. Pure cadmium 15 a soft, silver-white metal; however 
cadmium is not usually found in the environment as a metal. 
It is usually found as a mineral combined with other ele- 
ments such as oxygen, chlorine, or sulfur (cadmium sulfate, 
cadmium sulfide). These compounds are solids that may 
dissolve in water but do not evaporate or disappear from the 
environment. АП soils and rocks have some cadmium in 
them. It is extracted during the production of other metals 
such as zinc, lead, or copper. Cadmium is often found as part 
of small particles present in air. You cannot tell by smell or 
taste that cadmium is present in air or water, because it does 
not have any definite odor or taste. 
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Fig. 8.7 Distribution of the major cations and anions of Wadi Halyi area. a SO,; variation diagram: b SO, versus Ca; с SO, versus Mg; d СІ 


versus Na 


Cadmium can enter the environment in several ways. It 
can enter the air from the burning of coal and household 
waste, and metal mining and refining processes. It can enter 
water from disposal of waste water from households or 
industries. Fertilizers often have some cadmium in them and 
fertilizer use causes cadmium to enter the soil. Spills and 
leaks from hazardous waste sites can also cause cadmium to 
enter soil or water. Cadmium attached to small particles may 
get into the air and travel a long way before coming down to 
earth as dust or in rain or snow. Cadmium does not break 
down in the environment but can change into different 
forms. Most cadmium stays where it enters the environment 
for a long time. Some of the cadmium that enters water will 
bind to soil but some will remain in the water. Cadmium in 
soil can enter water or be taken up by plants. Fish, plants, 
and animals take up cadmium from the environment. 

The National Drinking Water Standard (NPDWS) for 
cadmium is 10 ug/l (Rechcigl 1995). In the study areas, 
cadmium could be present in sulfide mineralization associ- 
ated with volcanic rocks. Table 8.2 shows the analyzed 
values of cadmium from groundwater of the studied wadis. 


Toxicity 


Symptoms of excess cadmium in human body appear as 
Anemia, dry and scaly skin, emphysema, fatigue, hair loss, 
heart disease, depressed immune system response, hyper- 
tension, joint pain, kidney stones or damage, liver dys- 
function or damage, loss of appetite, loss of sense of smell, 
lung cancer, pain in the back and legs, and yellow teeth 
(Koçak and Akçil 2006). Eating food or drinking water with 
very high cadmium levels severely irritates the stomach, 
leading to vomiting and diarrhea. Eating lower levels of 
cadmium over a long period of time leads to a build-up of 
cadmium in the kidneys. This cadmium build-up causes 
kidney damage, and also causes bones to become fragile and 
break easily. Animals eating or drinking cadmium some- 
times get high blood pressure, iron poor blood, liver disease, 
and nerve or brain damage. 


8.2.3.5 Copper (Cu) 
Copper 15 a reddish metal that occurs naturally in rock, soil, 
water, sediment, and air. Its unique chemical and physical 
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Fig. 8.8 Distribution of trace elements of Wadi Halyi area. а Ag; variation diagram: b Cu; c Fe; d Pb 


properties have made it one of the most commercially 
important metals. Since copper is easily shaped or molded, it 
is commonly used to make pennies, electrical wiring, and 
water pipes. Copper compounds are also used as an agri- 
cultural pesticide, and to control algae in lakes and reser- 
voirs. Copper also occurs naturally in plants and animals. It 
is an essential element for all known living organisms, 
including humans. However, very large single or long-term 
intakes of copper may harm human health. 

Dissolved copper in water is more likely to affect human 
health. Levels of copper found naturally in groundwater and 
surface water are generally very low; about 4 ug of copper 
in one liter of water (4 ug/1) or less. Cupric ion (Cu*?) is 
considered as the primary form of copper in natural surface 
waters. High levels of copper occur if corrosive water comes 
in contact with Cu-bearing mineralization. If corrosive water 
remains motionless in contact with this mineralization, 
copper levels may exceed the allowed maximum contami- 
nant level for human use. The U.S. Environmental Protec- 
tion Agency (U.S. EPA) has determined that copper levels in 
drinking water should not exceed 1.3 mg/l. No adverse 


health effects would be expected if this level is not exceeded. 
Measures should be taken to reduce exposure to copper if 
this level is exceeded. The average of Cu values in the 
groundwaters of Wadi Haliy is 1.84 ug/l. These values are 
considered safe according to the U.S. EPA maximum copper 
level in drinking water. 


Toxicity 


Copper is one of a relatively small group of metallic ele- 
ments which are essential to human health. These elements 
are required for normal metabolic processes. However, as 
the body cannot synthesize copper, the human diet must 
supply regular amounts for absorption. The adult body 
contains between 1.4 and 2.1 mg of copper per kilogram of 
body weight. Hence a healthy human weighing 60 kg con- 
tains approximately a tenth of one gram of copper. However, 
this small amount is essential to the overall human 
well-being. Drinking water normally contributes approxi- 
mately 150 цо/дау. Immediate effects from drinking water 
which contains elevated levels of copper include vomiting, 
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Fig. 8.9 Distribution of trace elements of Wadi Halyi area. a S; variation diagram: b Si; c U versus Sr; d Fe versus Cu 


diarrhea, stomach cramps, nausea. The seriousness of these 
effects can be expected to increase with increased copper 
levels or length of exposure. Children under one year of age 
are more sensitive to copper than adults. Long-term expo- 
sure to copper in drinking water which is much higher than 
1000 ug/l has been found to cause kidney and liver damage 
in infants. Other persons who are highly susceptible to 
copper toxicity include people with liver damage or Wil- 
son's disease. 


8.2.3.6 Uranium (U) 

Generally, the U content of all the studies groundwater 
samples are within the acceptable limit (Table 8.2). The 
uranium and heavy metal contents are higher in samples 
collected from the upstream area of the wadi where the 
crystalline rocks are exposed and in direct contact with the 
runoff. The Elevated heavy metal and uranium contents 
suggests that these mining areas are considered as potential 
sources for these natural pollutants and likely affecting the 
water quality in these wadis. The attenuation of heavy metals 
and uranium 1s reported in this study along the flow path, 
from the mining area to downstream. 


8.3 Summary and Conclusions 


The present field investigations and analytical procedures 
support the contamination of the Wadi Halyi groundwater 
with some metals. These metals are mostly derived by 
chemical dissolution and mechanical destruction of the 
sulphides-bearing gold deposits of the eastern (upstream) 
Arabian Shield Precambrian rocks. These elements are still 
not higher than required Saudi standards. The comparison of 
the chemical analyses with those of the WHO Guidelines 
(2017) and the Saudi Arabian Standards Organization 
(SASO) of Un-bottled groundwater (Table 8.3) revealed 
that, the groundwater of Wadi Halyi Area is within the limit 
of the groundwater of Saudi Arabia except the U. 

Pollution by heavy metals and uranium arises mainly 
from neighboring rocks and also from emissions from 
mining activities. Generally, the uranium and heavy metal 
contents are higher in samples collected from the upstream 
area of the wadi where the crystalline rocks are exposed and 
in direct contact with the runoff. The Elevated heavy metal 
and uranium contents suggests that these mining areas are 
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Table 8.3 The comparison of the chemical analyses with those of the WHO Guidelines (2017) and the Saudi Arabian Standards Organization 


(SASO) of un-bottled 


Saudi Arabian Standards Organization (SASO) 


W. Halyi (mg/l) 


of un-bottled groundwater (1985) (mg/l) 


Element WHO guidelines (2017) 

А1 0.2 mg/l 

Sb 0.02 mg/l 

Ba 1.3 mg/l 1.0 
B 0.3 mg/l 

Cd 0.003 mg/l 

CN No guideline 

Mn 0.5 mg/l 0.5 
Hg 0.006 mg/l 0.001 
Na 50 mg/l 

Zn 3 mg/l 15 
Bi No guideline 

СІ 5 mg/l 600 
TDS No guideline 1500 
Cu 2 mg/l 1.5 
Fe 0.3 mg/l 

Pb 0.01 mg/l 

SO, No guideline 400 
Ca No guideline 200 
Ag No guideline 0.05 
AS 0.01 


considered as potential sources for these natural pollutants 
and likely affecting the water quality in these wadis. The 
attenuation of heavy metals and uranium is reported in this 
study along the flow path, from the mining area to down- 
stream. The processes governing the evolution of the lea- 
chates plume and its heavy metals budget are modeled in 
two steps: (1) Neutralization of acidic mine drainage water; 
(2) Heavy metal attenuation by adsorption, evaporation and 
co-precipitation with Fe oxides. 
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Abstract 

The estimation of rainfall variability, especially in arid 
regions, represents a major element for flood prediction 
and water resources development design works. Such a 
task presents a major challenge to water resources 
engineers and hydrologists in arid regions due to the 
extreme random and erratic nature of rainfall events, 
which is further compounded by climate change impact. 
In arid region that covers major portion of Saudi Arabia, 
the length of rainfall and runoff records is usually short 
and sometime with information gaps for undertaking 
proper design work. Such constraints present a difficulty 
in the application of rainfall and runoff frequencies. In this 
study the application of different frequency for stations 
with missing rainfall record in Al-Madinah region, 
located in western Saudi Arabia was addressed. The 
analysis first used the record of 10 rainfall stations over 
the period of 1970-2015 (46-years), to fill the missing 
information through the application of Inverse Distance 
Weighted and Kriging techniques and later applied 
Gamma and GEV probability density distributions. The 
two distributions parameters were estimated and tested by 
the K-S and Chi square tests. The two distributions 
predication estimated the maximum annual rainfall depths 
for 100, 200, 300, 500 and 1000 years return periods. The 
Gamma distribution provided a better fits for 3 stations 
with values ranging from 64 to 92 mm depths for the 
100 year return period while GEV for the remaining 7 
stations ranging from 55 to 107 mm depth. In addition, 
the Probable Maximum Precipitation (PMP) technique 
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was applied to estimate the different return periods based 
on 24-h maximum annual amounts. The proposed 
approach may provide a mean to estimate the design 
rainfall depth for stations with missing records, however, 
it may require further evaluation for other regions of 
Saudi Arabia or other areas of similar characteristics. 


Keywords 
Filling missing data * Rainfall frequency 
distributions « PMP * Al-Madinah * Saudi Arabia 


9.1 Introduction 
Arid regions of the world which cover most area of Saudi 
Arabia are usually characterized by rainfall scarcity and 
frequent drought cycles. Evaluation and prediction of the 
space-time variability of rainfall in these regions are essen- 
tial requirements for flood protection works and water 
engineering projects. The erratic and random rainfall char- 
acteristics present a challenge to hydrologists and water 
resources engineers to apply most of the analytical, statistical 
and numerical techniques for reasonable accuracy of the 
rainfall and runoff depth and volume. The design of major 
water structures such as water supply, storage dams and 
flood protection and urban drainage works in arid regions 
through the improved rainfall-runoff predictions can con- 
tribute towards reducing the failure probability risks 
regarding losses of live and infrastructural damages as well 
as enhance adequate water supply availability (Hershfield 
1961; Hosking and Wallis 1997; Sen 2008; Filho 2012). 
АП types of analysis require the availability of rainfall 
and runoff records with adequate length, coverage and reli- 
able accuracy especially for the application of statistically 
techniques such as frequency distributions. However, the 
collection of daily or events based data from a given rainfall 
and runoff network represents an essential component to 
undertake hydrological analysis to develop such as; the 
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intensity-duration-frequency (IDF) curves, design hydro- 
graphs and frequency distributions, including probable 
maximum precipitation (PMP) needed for water related 
projects (Abdulrazzak et al. 1995; Millington et al. 2011). 

To overcome data constraints, various estimation tech- 
niques have been applied in different arid regions including 
many regions of Saudi Arabia. Using the collected infor- 
mation from the established 1960 hydrological network in 
Saudi Arabia, several flood protection and water supply 
assessment studies were carried out at the national level by 
Sogreah (1968), German Consult (1979), Saudi Arabian 
Dames and Moore (1988) and most recently the Schlum- 
berger Water Services (2012). On the regional level, various 
researches have been carried out in the western region 
including Al-Madinah area by Sen (1983), Sorman et al. 
(1991), Subyani et al. (2009) and Subyani and Al-Ahmadi 
(2011). Most of the recent hydrological analysis have 
focused on the application of statistical techniques to over- 
come data constraints. Different frequency distributions such 
as the Cumulative Density Function (CDF), Probability 
Density Function (PDF) and distribution parameter estima- 
tion were applied in Saudi Arabia included Al-Madinah area. 
Many researchers (Nouh 2006; Sen 2009; Subyani and 
Al-Amri 2013) have carried out the probability of future 
maximum rainfall frequency. 

In regard to the focus of this research, Subyani and 
Al-Ahmadi (2011) applied a rainfall-runoff model for five 
ungagged catchments in Al-Madinah area. Data for daily 
annual maximum rainfall were analyzed to derive the Gen- 
eralized Extreme Value (GEV) distribution for different 
return periods. In addition, hydrographs, regional probable 
maximum precipitation maps and maximum flood estimation 
are also produced for this area. Al-Ahmadi (2014) applied 
rainfall partial duration series (PDS) using different statisti- 
cal distributions and different selection criteria models. He 
concluded that GEV distribution with the partial duration 
daily rainfall series provided the best fit for Al-Madinah 
rainfall. 

The issue of filling missing rainfall information to 
improve the prediction process can be addressed through the 
application of approximation techniques such as Inverse 
Distance Weighted (IDW) and Kriging that have been used 
in different part of the world (De Silva et al. 2007; WMO 
2008). However, the Kriging cannot be applied only to 
spatial interpolation, but also to identify the best location for 
new measurement points as well as in the optimization 
network design coverage (Isaaks and Srivastava 1989). 
Tabios III and Salas (1985) discuss the problem of esti- 
mating missing or ungagged sites for rainfall data using 
different spatial interpolation techniques, which have varies 
degrees of complexity. Based on the error of estimate, their 
study indicated that the Kriging technique and optimal 
interpolation are superior to other techniques. 
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In this study, the analysis focused initially on using some 
interpolation method to fill some missing daily rainfall 
records. The main objective of the present study is to iden- 
tify appropriate rainfall frequency approaches which will be 
applied to predict the maximum rainfall depth for different 
return. periods up to 1000 years. In addition, Probable 
Maximum Precipitation (PMP) is provided that may pose 
risk to Al-Medinah region. 


9.2 Study Area and Available Data 


Al-Madinah region, located in the western part of the 
Kingdom of Saudi Arabia, lies between latitude 23? 00' to 
26? 00'N and longitude 39° 00' to 44° 00'Е (Fig. 9.1). The 
climate is affected by the tropical Atlantic Ocean air mass as 
well as the Mediterranean Sea maritime polar air mass in 
addition to the influence of the local topography. Both 
regional and local circulation patterns have а dominant 
influence on the climate of the region (El-Khatib 1980; Sen 
1983; Al-Jerash 1989; Subyani and Al-Ahmadi 2011; 
Subyani and Al-Amri 2013). The region has a moderate 
elevation and characterized by random rainfall pattern with 
large seasonal variations due to its location within the sub- 
tropical zone. The rainfall regime is generally characterized 
by the occurrence of sporadic rains in winter and spring and 
meager amount in summer and fall seasons, also with high 
evaporation rate. Mean monthly temperature ranges between 
16 and 33 ?C, the highest temperature record in July is 
49 °C and the lowest temperature record in January is 1 °C. 
Relative humidity ranges below 2096 in summer and more 
than 40% in winter. 

Geologically, Al-Madinah region is covered by part of 
the Arabian Shield that extended over one-third of the 
Arabian Peninsula. The Shield is composed of sequences of 
volcanic and sedimentary rocks and a great variety of 
intrusive sub-volcanic and plutonic rocks. Lava (i.e., Har- 
rats) and sediments from Tertiary and Quaternary ages 
overlay many parts of the shield. Wadis underneath alluvial 
deposits filled with sand, gravel and silt deposits (Kemp 
et al. 1982; Brown et al. 1989). 

The data of the 10 rainfall stations was collected for this 
study from the Hydrology division of the Ministry of Water 
and Electricity (2016). These 10 rainfall stations (MOOI, 
M004, M103, M110, M113, M205, J109, U002, U205, and 
R202) shown in Fig. 9.1. These rainfall stations were selec- 
ted based on the following criteria: (1) provide a good spatial 
coverage; (2) have maximize daily rainfall records; (3) have 
continuous daily records; and (4) represent different climatic 
regimes and topographic conditions. The station character- 
istics are listed in Table 9.1. The maximum 1970-2015 daily 
rainfall for some stations do not cover the same time intervals 
and also with about 796 of missing records as shown in 
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Fig. 9.1 



















| o. V x 
Бала BRG, Dalarna Tanita 
E" itia, @ Cjsansiraaiieys 


Ором зене, ge] ЭТА Wear 
i ERER 




















40° 40°30' 42° 42930" 43° 43930" 


25930" 26% 26930" 


25? 





AN моол ^ 


m 


Al-Madinah | m 
ALIE Па “7. Al-Henaklyah Ы. 
: Зе. У. 


= 







24°30' 


| oy 
wie 
3% 
- Б / 


2. D 


Mahd AI Thahab | 






23% 23930" 24% 


22930" 





@ Rainfall Station 





Location map of the study area 


237 


238 


Table 9.1 Rainfall stations in Al-Madinah area 


Station name Station code 


Al-Madinah М001 39.58333 
Al-Henakyyah M004 40.51667 
Abar-Almashi M103 39.53333 
Swergyah M110 40.31667 
Mahd-Adahab M113 40.86667 
Safinah M205 40.56667 
Al-Faqeer J109 39.66777 
Uglat-Alsoqor U002 42.18333 
Dokhnah U205 43.610667 
Afif R202 42.93333 


Table 9.2 Annual maximum daily rainfall records with missing periods 
Stations Coverage over the Years 


Stations 





Longitude easting 
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Latitude northing Alttude (masl) 


24.51667 600 
24.83333 855 
24.18333 660 
23.34885 900 
23.83333 915 
23.13333 930 
23.41667 690 
25.83333 785 
25.34925 845 
23.93333 1050 





1970 1973 1976 1979 1982 1985 1988 1991 1994 1997 2000 2003 2006 2009 2012 2015 


Table 9.2. The stations with missing records are R202, U002, 
M205, М113 апа М110, however the gaps are very short 
comparing to the total length of records. 

The mean monthly rainfall distribution іп Al-Madinah 
area, over the period of 1970-2015, is illustrated in Fig. 9.2. 
For two stations M001 and M004, rainfall events usually 
occurs in January, March, April and November in order to 
give an indication of the large degree of variation reflecting 
the extreme nature of occurrence and amounts. However, 
most of extreme events occurred in March and April fol- 
lowed by November. Similar trend was observed for M103 
station located at the south with the lowest amount. Stations 
М110, M113 апа M205 located at the southwest of the area 
received the highest amount of rainfall in April. While sta- 
tion J109 located at the west side received the highest 


Years 


amount of rainfall in January that may be affected the Red 
Sea and Mediterranean air mass. The rainfall stations, 
located in the eastern side of the study area U002, U205 and 
R202 usually received a considerable amount of rainfall in 
March and April followed by November. 

The mean seasonal spatial and temporal variation of 
rainfall during winter season (December to February) is 
associated most of the time with moist cold air of northerly 
Mediterranean origin, coupled with the local effects of the 
Red Sea convergence zone and the orographic effect. 
Figure 9.3a indicates that the amount of 20 mm is exceeded 
in the southwest of the area due to the relatively high alti- 
tude, while the Mahd Adhab area received only 10 mm due 
to its lactation in shadow area. In spring (March to May), the 
whole region comes under the influence of air stream the 
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Fig. 9.2 Mean monthly rainfall 
in Al-Madinah area 
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Fig. 9.3 Mean seasonal rainfall variation in Al-Madinah area (mm, 1970-2015) 


convergence Red Sea zone and Mediterranean depression as 
shown in in Fig. 9.3b where the spring rainfall increases 
gradually from the west (20 mm) to the east (40 mm). 
Generally, the area received the highest amount of rainfall 
during spring season compared with other season. The 
reported high amount of rainfall may be attributed to 
increasing the effect of African-Mediterranean interaction. In 
summer (June to August), the rainfall in this dry season is 
shown in Fig. 9.3c which ranges between 0.5 and 5 mm. 
Fall season (September to November) represents a dry sea- 
son associated the transition period from summer to winter 
except the end of November where the highest amount and 
extreme events of rain are falling during this month as 
shown in Fig. 9.3d. 


9.3 Methodology 
9.3.1 Missing Record Estimation Techniques 


According to Sen (2009), the temporal correlation is not 
clearly defined due to the high variability in the time 


sequence record. The spatial interpolation dependency can 
be achieved through the application of two widely used 
methods, the Inverse Distance Weighted (IDW) and Kriging 
methods. IDW provide a versatile and easy to understand- 
able technique, and to a certain extend accurate under a wide 
range of conditions. During spatial interpolation, data are 
weighted according the influence if distance between points 
(Davis 2002). Using this method, the property at each 
unknown location for filling, can be given as follows. 


Xni 
"Yn 5 

і 22 
where x; 15 ће interpolated value (filling data), 7; is the data 
value, d; the distance between x and each data point and n is 
the number of sample locations. Table 9.3 shows the dis- 
tances between rainfall stations in decimal degree. 

Kriging is an optimal interpolation technique, which is 
used to estimate the value at an unsampled location. The 
Kriging is a linear combination estimator for the value of a 
variable Z (xo) at a location xo, where there is no observation 
(missing value). The expression takes the form 
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Table 9.3 Distance between stations (decimal degree) 
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М001 M004 M103 M110 M113 M205 J109 U002 U205 R202 
М001 0.0 
M004 0.99 0.0 
M103 0.34 1.18 0.0 
M110 1.38 1.50 1.14 0.0 
M113 1.45 1.06 1.38 0.73 0.0 
M205 1.70 1.70 1.47 0.33 0.76 0.0 
J109 1.11 1.64 0.78 0.62 1.24 0.91 0.0 
0002 2.91 1.94 3.12 3.11 2.39 3.15 3.47 0.0 
U205 4.12 3.14 4.25 3.86 3.14 3.77 4.37 1.51 0.0 
R202 3.40 2.58 3.41 2.68 2.07 2.50 3.27 2.04 1.57 0.0 
N 1 M 
Zu ec AZ. dedos (2) f(x) = PT 65 > a, B 20 (3) 


i=] 


where /; are the Kriging weights which need to be estimated 
under two conditions, which are unbiasedness and the 
minimum estimation variance (Subyani 2004; Sen 2009). 

To test the validity of the chosen method, cross-validation 
is used to compare the relative quality of IDW and Kriging 
gridding methods, root-mean-square error (RMSE) is widely 
acceptable measure of accuracy and compared between 
different interpolation methods. In general, best estimation 
for missing values with minimum RMSE is IDW method. 
Even if the value of RMSE is minimum in Kriging method, 
the interpolated values are more or less the same as IDW 
method. The results of filling missing data will be used for 
frequency analysis using Gamma and General Extreme 
Value (GEV) distributions. Figure 9.4 illustrates flowchart 
of the major steps of the methodology of this study. 


9.3.2 Rainfall Frequency Analysis 


Based on the scientific and technical experiences in arid 
regions (Sen 2008; Hassan and Ping 2012), two frequencies, 
namely, the Gamma and GEV distributions were selected to 
evaluate the annual maximum daily rainfall for the 10 sta- 
tions. The suitability of the distributions is evaluated by the 
application of Ше goodness of ІШ tests as 
Kolmogorov-Smirnov (KS) and the Chi-Square tests. The 
selected distributions are briefly discussed as followed. 


9.3.2.1 Gamma Distribution 

Gamma distribution function can take three different types of 
I, II and III parameters which sometimes are referred to as 
the family of Pearson Type III distributions. The distribution 
continuous random variable x of the probability density 
function takes the forum of: 


The variable x has 2-parameters Gamma distribution, 
with the shape parameter o and p is the scale parameter 
(Hosking and Wallis 1997). Using l-parameter gamma 
distribution in hydrology is limited due to its relative 
inflexibility in fitting, but 2 or 3 parameters Gamma distri- 
butions are commonly used and no significant advantage in 
the-3-parameter Gamma usage compared to the 2-parameter 
gamma (Aksoy 2000). It is also found that the Gamma 
distribution is very suitable for rainfall series in arid regions 
(Sen and Eljadid 1999; Sen 2008). 


9.3.2.2 Generalized Extreme Value (GEV) 

The GEV distribution can take the form of three types of 
distributions the Gumball, Frechet and Weibull distributions 
depending on selection of the shape parameters. The GEV 
distribution continuous random variable x of the probability 
density function takes the form: 


f(x) = 1/0 exp[- (1 4- k((x — 1)/o)] (-1/x) 
| +к(х— н)/в]!(—1—1/к)|; #0 


where к is shape, o is scale and u is location parameters. 
According to Cunnane (1988) and Millington et al. (2011), 
GEV distribution is very appropriate for water resources 
applications including rainfall time series. 

The goodness of fit criteria is usually used to check how 
well frequency distribution fits a set of observations. The 
Kolmogorov-Smirnov (KS) and Chai Square (x?) tests were 
selected for the goodness of fit in this study. These tests can 
describe the differences between observed and expected 
values from the suggested distribution. In order to use the 
selected distributions for flood and water resources design 
projects for extreme rainfall events, further statistical 
approach such as PMP technique is applied to the study area. 
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Fig. 9.4 Flowchart for major steps for this study 


9.33 Probable Maximum Precipitation 
(PMP-24 h) 


In the design and analysis of such water resource structures, 
Probable Maximum Precipitation (PMP) can used to be the 
greatest rainfall rates for specific duration at a particular 
geographic location. Statistically, PMP for specific return 
period can be estimated as follow: 


PMP = p + Кто, (5) 


where p is the mean annual maximum 24-h rainfall depth, с, 
is standard deviation of the series and Кт is a frequency 
factor depending on the type of distribution (herein Gamma 
and GEV distributions), with frequency factor number esti- 
mated from readily tables in the literature depending of years 
of records or the return periods (Aksoy 2000). 


9.4 Results and Discussion 
The IDW and Kriging techniques were applied to estimate 


the missing rainfall information for five stations namely 
R202, U002, M205, M113 and М110 (Table 9.2). These 
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stations are located in the eastern side of the study area. The 
application of the two estimation techniques required the 
establishment of a decimal degree distance grid between 
stations as shown in Table 9.3. The two estimation tech- 
niques were applied to fill the missing information. The 
completed rainfall data set was used to arrive at the selection 
of the appropriate probability distribution functions to pre- 
dict the rainfall depth for different frequencies. Table 9.4 
shows the use of IDW and Kriging methods for filling 
missing of annual maximum daily rainfall for each station 
with RMSE values. From this table, in general, the best 
estimation for missing values with minimum RMSE is IDW 
method. Even if the value of RMSE is minimum in Kriging 
method, the interpolated values are more or less the same as 
IDW method as shown in Table 9.4. 

The analysis initially focused on the estimation of the 
statistical parameters of the annual maximum daily rainfall 
depths for the 10 stations for a 46 years record that included 
the missing information for five stations. Descriptive statis- 
tics for all stations are shown in Table 9.5. The mean daily 
rainfall depth ranges from 18 to 29 mm with the lowest 
value for station M205 and the highest for station J109. With 
positive skew and all stations аге approximately 
log-normally distributed. 

The GEV and Gamma distributions frequency analysis 
was implemented and the station descriptive statistical 
characteristic in order to fit each of the data series to a 
probability density function. The distributions are used for 
the prediction of maximum one day for 100, 200, 300, 400, 
500 and 1000-year return periods. According to the good- 
ness of fit (K-S and Chai Square tests), the GEV distribution 
is suitable for few stations record while others abide by the 
Gamma distribution. Accordingly, GEV distribution give a 
better fit the data set of seven stations (М001, М004, M103, 
M110, M113, M205 and R202), where Gamma distribution 
for three stations (0205, J109 and 0002) as shown in 
Figs. 9.5 and 9.6, respectively. The two distributions fit the 
lower values of rainfall depth than the higher values. 

The Gamma distribution degree of fit differs among three 
stations with the best provide a good best fit for station U002 
located at the far east end of the Al-Madinah region and 
minor deviation for stations U205 at the range 15-21 mm 
and at the range of 20—40 mm rainfall depths for station 
J109. The 100 years flood frequencies for stations U205 and 
(002 reported a similar rainfall depths of about 64.0 mm 
while for station J109 higher value was estimated at 
92.4 mm as shown in Fig. 9.5. The same trend for higher 
return period is observed for the two stations U205 and 
0002. Station J109 indicated a high rainfall depth almost 
50% higher than the other station and careful consideration 
should be given to this location which is close to the Red sea 
coast with major urban development. 
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Table 9.4 Comparison results үс Inv. dist RMSE Kriging RMSE 
between inverse distance and 


kriging methods for missing data M110 


estimation 1978 15.9 12.7 25.6 12.8 
1979 22.3 22 21 19.6 
2002 25.8 32.2 22 34.8 
2003 10.1 10.1 9.9 10.2 
M113 
1970 15.3 16.6 17 17.3 
1971 35 32.5 28 30.9 
1972 223 27.9 30.7 29 
1973 71 8.9 7.45 8.5 
1990 16.1 13.8 13.25 13.3 
1999 20.9 26.6 24.6 26.8 
2002 24.9 32.2 20.4 32.3 
2003 9.8 10.1 8.3 10.7 
2004 20.6 21.2 21.9 21.8 
2005 27.8 34.2 27.1 31.2 
2005 19.3 18.1 25.5 21.4 
2008 16.3 21.8 23.8 24 
M205 
1989 21.5 17.2 21.5 17.1 
1990 22.3 13.8 17.8 13.4 
2002 26 32.2 26.7 30 
2014 19 16.1 18 15 
2015 15 17.1 17 21 
U002 
1993 36 39.3 37.6 39.1 
1994 14.7 13.9 25.3 14.2 
1995 33 33.7 33 33.5 
1996 20.3 23.2 21.4 22.2 
1997 35 33 35.5 33.6 
1998 23 22.8 225 2047 
R202 
1991 16.7 17.3 17 17.4 
1993 33 40 38 39.5 
1994 13 13.9 13.6 14.6 
1996 22 40.3 21.3 41 
1998 24.1 22.3 22.1 22.5 
2006 15.3 23.5 28 24 


2008 31.9 22.4 21 23.4 
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Table 9.5 Statistical parameters of annual maximum daily rainfall of Al-Madinah area 


M001 M004 M103 M110 M113 M205 J109 U002 U205 R202 
Min 1.4 0.0 0.0 2.3 0.0 0.4 3.0 1.4 0.0 0.0 
Max 89.6 63.8 57.0 86.3 85.0 65.6 71.0 51.6 85.8 82.0 
Mean 22.7 20.3 21.0 23 19.4 17.4 28.5 19.4 22. 19.7 
Median 17.8 17.1 20.0 22.0 18.0 16.9 26.8 17.6 20.0 14.2 
Std 18.7 13.9 127 15.1 13.2 11.7 18.0 11.4 16.9 18.9 
CV 0.8 0.7 0.6 0.6 0.7 0.7 0.6 0.6 0.7 1.0 
Skew 2.0 1.4 1.0 1.8 27 1.5 0.6 0.6 1.6 1:7 
U205 (GAMMA) Station: J109 


(GAMMA) Station: 
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Table 9.6 Maximum observed 
and predicted of GEV distribution 


Max. observed 


for selected return periods based M001 89.6 
on 24-h duration M004 63.8 
M103 57.0 
M110 86.3 
M113 85.0 
M205 65.6 
J109 71.0 
U002 51.6 
U205 85.8 
R202 82.0 


The GEV distribution provided a good fit for seven sta- 
tions namely М001, M004, М103, M110, М113, М205, and 
R202 (Fig. 9.6). Appropriate fits are achieved for all stations 
M103 and M113 at the range of 30-40 mm rainfall depths. 
The return period for the 100 years rainfall is low for three 
stations M103, M113 and M205 with values ranges of 
51.2-57.7 mm depths in comparison to the higher values for 
two stations М001 and R202 ranging from 107.2 to 
129.8 mm, respectively. Similar trend was observed for the 
remaining high return periods up to 1000 years. 

Following the selection of the appropriate distribution the 
probable maximum precipitation (PMP) depth for 24-h 
period was estimated for different return periods. The esti- 
mates of PMP values for the selected probability distribution 
function are presented. Table 9.6 shows the values of max- 
imum observed annual daily rainfall and GEV distribution 
for all stations with 100, 200, and 500-year return periods. 
Figure 9.7 shows the PMP estimates for 100—200 and 
500 year return periods, which indicate increase in the 
rainfall depth over study area with return period increase. In 
general, regarding to stations locations, at the east-west 
direction at 23.5 latitude level, the daily rainfall for 100-year 
has almost stable level until 41.5 longitude, but towards the 
east from this point onwards, there is a steadily increasing 
rainfall trend reaching to 125 mm around the station R202. 
Such a regional trend reaches slightly over 25.5 latitude. 
Then, towards the north a reverse but weaker trend appears 
as decreasing from the west towards the east. On the other 
hand, along the north-south directions the most daily PMP 
appears near the eastern part of the study area. For 100-year 
return period, the area can be ranked into three subareas. 
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100 year 200 year 500 year 

107.2 125.7 173.8 
74.8 88.2 108.1 
57.7 63.6 71.0 
74.3 84.0 97.2 
61.0 68.6 78.8 
55.1 61.4 69.8 
85.0 94.1 105.9 
51.3 55.2 59.8 
88.8 106.8 134.4 

129.8 171.7 245.6 


(1) 
(2) 


The most risky sub-area is in the south eastern corner, 
The second risky region appears at the north western 
corner, 

The south western and north eastern regions have the 
least risky locations. 


(3) 


With 200-year return period, the area has almost the same 
three risky locations and trends. The only difference is in the 
rainfall amounts, which are expected to yield higher rainfall 
amounts. As for the 500-year return period, the daily rainfall 
amounts the same pattern of risk sub-areas are existing and 
the rainfall increases rapidly with the same pattern of pre- 
vious return periods. Finally, for any engineering or mining 
activity that might be exposed to rainfall amounts, the south 
eastern part quantities are recommended for any basic pro- 
ject calculations. 


9.5 Conclusion 


In this research, the study of the observed daily rainfall 
series available for Al-Madinah region are investigated over 
the period of 1970—2015 (46 years) for 10 stations to eval- 
uate the regional monthly and seasonal rainfall variability. 
Annual maximum daily rainfall has been performed after 
filling some of the missing data by spatial interpolation 
techniques such as inverse-distance-weight (IDW) and 
Kriging methods. The best fitting distribution to all stations 
for the annual maximum daily rainfall is selected for com- 
paring two distributions, namely, Gamma and GEV distri- 
butions. Gamma probability distribution function fits few 
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Fig. 9.7 PMP 24 h rainfall for 100-y 
100, 200 and 500 years return 26 
period 
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stations and GEV distribution for others. These distributions 
estimate the maximum rainfall depth for different return 
periods of 100-year to 10,000-уеаг. Trend in rainfall depth 
was observed for high return periods. In addition, risky 
sub-areas have been investigated through different return 
periods. Probable Maximum Precipitation (PMP) is also 
performed for different return periods on the basis of 24-h 
maximum annual amounts. Finally, the proposed approach 
needs to be further tested in other region of Saudi Arabia 
with similar characteristics to Al-Madinah region. 
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Abstract 

Wadi Ranyah is located in arid region of Western 
mountains of Saudi Arabia, which 15 a highly potential 
resource of both surface and groundwater. This shallow 
aquifer is highly demanding and it is subjected to intense 
exploitation due to the influence of human activities. The 
lower part of Wadi Ranyah undergoes increasing salinity 
and significant decline in water level. Therefore, how these 
processes impact groundwater quality. Multivariate statis- 
tical methods, Piper diagram and sodium adsorption ratio 
employed in this paper. A collection of 18 groundwater 
samples are analyzed for a total of 26 variables for both 
major and trace elements for groundwater assessment. 
Results showed that Piper diagram were used revealing 
water chemistry is of Calcium-Bicarbonate type. R- and 
Q-modes of cluster analysis illustrate rock interaction and 
human activities as two distinctive sources of water 
quality. Three main principal components influenced the 
water chemistry in Wadi Ranyah. In addition, salinity 
increases with НСОз, SO,, СІ and Ca for drinking water. 


Keyword 
Ground water chemistry * Multivariate analysis * 
Wadi Ranyah * Saudi Arabia 


10.1 Introduction 

Saudi Arabia is considered to be one of the most arid areas in the 
Middle East. Therefore, the total reliance is on the groundwater 
as a fundamental natural source for drinking and various 
agricultural and industrial activities with the scarcity of rainfall. 
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Water quality is also very important factor that influences 
negatively sustainable human life. Researches on groundwater 
quality assessment have been increased due to the impact of 
human activities. The early studies of visualized water types 
started by a graphical representations of the chemistry of water 
(Piper 1944; Stiff 1951; Hem 1989). These techniques were 
useful for classifying water quality groups and visually 
describing the major water constituents. With increasing 
information about hydrochemical properties of groundwater, 
statistical techniques were implemented for analyzing and 
interpreting of hydrochemical data (Suk and Lee 1999; 
Sanchez-Martos et al. 2001; Woocay and Walton 2008). 
Cluster analysis (CA) and principal component (PC), are 
multivariate techniques that used for manipulating, interpreting 
and presenting water chemistry data, and also reveals a hidden 
information that cannot be detected from visual observations 
(Davis 2002; Hussain et al. 2008; Belkhiri et al. 2011). 

Several studies have been involved to investigate the 
groundwater quality in shallow aquifers using multivariate 
statistical methods. According to a research done by Shihab 
and Abdul Baqi (2010), which focus on the groundwater 
quality in Makhmor, Iraq, using multivariate analysis to 
investigate the relationship among groundwater quality and 
to classify the wells according their quality. The study found 
that in deep wells one factor account for more than 5096 of 
the variance among water quality. 

Another study done by Yidana et al (2010) found that the 
groundwater salinity of the shallow unconfined aquifer of 
Keta, Ghana is largely attributed to minerals and sea water 
intrusion, the results show that Kaolinite and Na field 1s stable 
in groundwater. Also, waste discharge and agriculture are 
impacting on the water quality. Four clusters analysis are 
recognized in their study; cluster 1 and 4 are low salinity water 
type (Са-НСО;). Cluster 2 and 3 represent high and inter- 
mediate salinity water type (Na—Cl). The investigation done by 
two types of analysis used to investigate the relationship of the 
data: Q-mode groups the samples based on their similarities 
and dissimilarities as a function of the wells location, R-mode 
classify parameters using the same technique. 
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Yang et al (2016) used major ions ratio and corre- 
sponding analysis to investigate the possible sources of 
pollution in Salawusu aquifer system of Ordos Basin in 
China. They used the monitored data іп 2004 and 2014 
before and after coal mining activities. Subyani and AI 
Ahmadi (2010) focused on the upstream water quality of 
Wadi Ranyah. R-mode cluster analysis on 22 samples 
revealed two тат sources affecting water quality 
groundwater-rock interaction, agriculture and anthropogenic 
sources. In addition, 70% of data variability were explained 
by three components. 

It is very useful to understand the natural and human 
impacts to environmental by assessment of groundwater 
quality. The present study attempts to apply multivariate 
Statistical analysis for characterizing the hydrochemical 
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facies of groundwater system in order to differentiate the 
main processes that affect groundwater chemistry and 
hydrochemical types in groundwater situated in Wadi 
Ranyah, Western Saudi Arabia. 


10.2 Hydrology and Geology of the Study 
Area 


Western Saudi Arabia receives a good amount of rainfall 
which formed a valuable sources for groundwater on wadis 
and streams (Sen 1983; Subyani 2004). Wadi Ranyah is one 
of the major source of groundwater in Al-Baha region. It 
starts from Al-Baha high lands and goes to the desert after 
Ranyah city (Fig. 10.1). It covers approximately 2500 km. 
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Climate in the study area is called in winter and warm in 
summer with obvious seasonal variation of rainfall and 
temperature with great evaporation. The mean annual rain- 
fall in the upstream of Wadi Ranyah is about 470 mm 
(Ministry of Water and Electricity 2015). A large part of this 
amount of rainfall will turn to runoff in the study area. 
Runoff occurs usually in winter and spring seasons. 

Geologically, the study area consists of Precambrian 
rocks of Baha group, plutonic and hypabyssal intrusive 
rocks and quaternary alluvial deposits. Jeddah group com- 
prise metavolcanic and metasedimentary such as andesitic 
rocks (jva) in Fig. 10.1. Plutonic and hypabyssal intrusive 
rocks consist of mafic dikes, granite (gr), tonalite gneiss 
(tgn) and diorite (dq). Alluvial deposits consist of sand and 
gravel (Qa) along wadi tributaries (Simons 1998). 


10.3 Materials and Methods 


Field investigation for 18 water samples were collected from 
digging active wells in February 2016. These samples col- 
lected from privates and the ministry wells that distributed 
along the lower part of the wadi. The in situ water param- 
eters include temperature, electrical conductivity (EC), pH 
and dissolved oxygen. The samples preserved in special 
bottles for analysis. EC values ranged from 416.0 to 
1850 uS/cm and the temperatures between 22 and 32.9 °C. 
Both majors (Ca, Mg, Na, K, SO4, HCO3, СІ and NO3) and 
traces (Li, Cr, Mn, Fe, Co, Ni, Cu, Zn, As, Mo, Cd, Ba, Hg, 
and U) elements were analyzed for each sample in the lab- 
oratory of Faculty of Earth Sciences, King Abdul Aziz 
University. Statistical descriptive, Piper diagram, cluster and 
PCA analysis techniques are used in this study. 

Groundwater facies are identifying using Piper plot (Piper 
1944), this diagram is useful for understanding the chemical 
characters of water in a hydrologic system. This diagram is 
very useful for isolate the chemical facies of the water (Yang 
et al, 2016). Gibbs plot is employed in this study to under- 
stand the predominant samples fall in the rock—water inter- 
action dominance, evaporation and precipitation dominance 
field (Kumar et al. 2015). 
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Cluster analysis is a collection of data that have similar- 
ities according to the characteristics found in the data and 
grouping similar objects (variables or samples) into clusters. 
These clusters can be visualized as a hierarchical tree as a 
dendrogram (Woocay and Walton 2008). However, cluster 
analysis can be visualized in two modes, Q and R-modes. 
Q-mode is identifying relationships between samples, while 
R-mode depicts relationships between variables. Euclidean 
distance and Ward's linkage method (Ward 1963) was used 
on classification scheme (dendrogram). 

Principle component (PCA) is a multivariate statistical 
visualization method for extracting hidden information from 
data sets. Theoretically, it is the optimum transform for a 
given data sets in a least square terms (Usunoff and Guzman 
1989; Brown 1998; Ceron et al. 1999). With a new coor- 
dinate system, variables were transformed, the first compo- 
nent gets the highest variance, the second component gets 
the second greatest variance, and so on. In addition, Com- 
munality is measuring how well the variance of each vari- 
able is described by each factor (Grande et al. 2003; 
Tabachnick and Fidell 2006). 


10.4 Results and Discussion 


Tables 10.1 and 10.2 show the statistical summary of the 
chemical analysis of groundwater for major and trace ele- 
ments in the study area. The measured parameters compared 
with water quality standards (WHO 2011; SASO 1984). 
Most of the water samples parameters are met the standard 
and the quality of drinking water remains within acceptable 
national standards. Figure 10.2 shows Piper diagram which 
illustrate that the groundwater quality is mostly dominated 
by HCO;, SO,, СІ and Ca of maximum concentrations in 
mg/l of 366, 183, 515 and 176 respectively. These elements 
are the most constituencies that reflect the salinity of the 
groundwater. 

The sodium adsorption ratio (SAR) is commonly used for 
sodium hazards associated with an irrigation water supply 
and refers of Na to Ca and Mg proportion in water. The SAR 
for the groundwater samples indicating low hazard as shown 


Table 10.1 summary of ions of groundwater samples in Wadi Ranyah 


Parameter | Ca Mg Na K 504 НСО; СІ NO; Temp EC TDS TH 
(mg/l) (mg/l) (mg/l) (mg/l) (mg/l) (mg/l (mg/l ^ (mg/l) CC) (uS/cm) (mg/l) (mg/l) 
Min 24.0 14.6 38.0 1.9 11.5 61.0 53.2 0.0 22.0 416.0 286.3 22.0 
Max 176.4 68.1 126.8 6.4 182.5 366.1 514.7 4.2 32.0 1850.0 1122.4 234.7 
Mean 67.2 39.4 72.0 4.4 60.3 183.0 186.2 1.7 21.3 1042.2 614.3 103.8 
STD 42.5 16.5 26.5 1.2 46.7 75.5 150.4 1.5 3.2 436.5 232.0 58.7 
Skew 1:2 0.3 0.6 —0.6 1.2 0.8 1.2 0.6 0.0 0.7 0.8 0.8 
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Table 10.2 Summary of trace elements of groundwater samples in Wadi Ranyah 


Parameter Li Cr Mn Fe Co Ni 

Min 1.06 0.10 0.00 0.00 0.02 0.02 
Max 2.60 1.17 0.16 9.47 0.15 1.48 
Mean 1.74 0.73 0.02 4.31 0.05 0.61 
STD 0.46 0.28 0.04 2:12 0.03 0.43 
Skew 0.36 -0.3 2.63 =0,2 1.48 0.60 
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Cu Zn AS Mo Cd Ba Hg U 

0.45 0.10 0.68 3.99 0.00 21.56 0.00 0.05 
3.07 6.05 1.57 10.31 0.12 125.01 0.98 2.16 
1:27 1.34 1.18 6.15 0.01 52.99 0.10 0.71 
0.78 1.42 0.27 1.73 0.03 25.46 0.24 0.58 
0.90 228 =0,3 0.83 3.64 1.48 3.24 1.71 


in Fig. 10.3. Two classes have been revealed in this study, 
C2S1 and C3S1. Тһе C2S1 is very good for irrigation with 
low alkalinity and medium salinity. The C3S1 is suitable for 
tolerant crops with high salinity and low alkalinity. In 
addition, the relationship between electrical conductivity and 
total dissolved solids is shown in Fig. 10.4, which indicates 
that the relation is the same for most groundwater samples in 
the world with a conversion factor (slope) is about 0.58. 
To quantify the atmospheric rainfall contribution to 
groundwater salinity in arid regions, Na/Cl ratio is suggested 


Fig. 10.2 Trilinear diagram 


(Tiwari and Sing 2014). Figure 10.5 shows the relationship 
between Ма/СІ ration and EC, which reveals that only few 
samples (2, 5, 9, 11, and 18) are within reverse ion 
exchange, whereas the rest samples are located within ion 
exchange. However, Ма/СІ ratio (avg. 0.8), Higher ratio 
(Ма/СІ > 1.0) indicates silicate rock-weathering dominance 
as a possible source of Na. Lower ratio (Ма/СІ < 1.0) in 
some samples are probably result from ion exchange of Na 
for Ca and Mg in clay minerals. Several chemical processes 
occur through interaction between groundwater and aquifer 





10 Hydrochemical Assessment of Groundwater Within the Lower ... 


SPECIFIC CONDUCTANCE, IN MICROMHOS PER CM AT 
3 4 56781000 2 


3 45000 
30 
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Fig. 10.4 Regression analysis of TDS versus EC 


materials. Therefore, Gibbs plot is employed in this study to 
understand the predominant samples fall in the rock—water 
interaction dominance, evaporation and precipitation domi- 
nance field (Kumar et al. 2015). Figure 10.6 illustrates that 
all samples fall within rock-interaction interaction domi- 
nance field which indicates that there 15 interaction between 
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Fig. 10.5 Na/Cl versus ЕС 


weathering rock chemistry and the chemistry of the perco- 
lation of groundwater. 

Cluster analysis dendrogram (R-mode) of the 26 
descriptors. Three major groups is shown in Fig. 10.7. First 
group indicated recharge zone area with high correlation 
between major ions (Ca, Mg, Na, HCO3, SO,). The second 
group related to salinity relation with aquifer materials. 
Nitrate, potassium and manganese and trace elements are as 
one group in the third cluster, which may be reflects the 
impact of weathering rocks and agricultural activities. 

The correlation reflects the type of rock units interaction 
and recharge zone in the study area. That 15, Igneous and 
contact metamorphic (high weathering) rocks are the most 
dominants formations In Wadi Ranyah area. Rocks such as 
Andesite (pyroxene(augite), plagioclase/amphibole) and 
Granodiorite have mineral composition of Na-Ca plagio- 
clase, K-feldspar and Quartz. While Mg found in mafic 
igneous rocks (Pidwirny 2006). It is possible that the con- 
dition of the alluvial aquifer in the lower part of the study 
area since it was not exposed to rainfall for a period of time 
more than 3 months; due to the fact that the wadi witness 
rapid cycles of rainfall after sequences of draught, causes to 
precipitate and increase the concentration of НСО; in 
groundwater. Moreover, a recharge can occur during the 
time of releasing sufficient amount of the storage water form 
wadi in order to recharge the aquifer and artificially from 
agricultural activities in the area. This recharge process can 
be an additional factor to precipitate bicarbonate from the 
surface to the groundwater. The presence of trace element 
occur due to the dissolving of weathering rocks and the 
agriculture activity in the area. Figure 10.8 shows the sim- 
ilarities in Q-mode, three groups are presented according to 
the degree of salinity in groundwater. Also well design in 
alluvial or weathered and fractured hard rocks. 
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Fig. 10.6 Gibbs diagram 10000 
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in Table 10.3. 4296 of the total variance was explained by 


Principle component (PCA) was done for 26 variables in 
the first rotated variance, strong association between Ca, Na, 


water samples. Eigenvalues is plotted in Fig. 10.9. Three 
factors of loading variables with total variance are presented Cl, ТН, ЕС and Li, Fe, Ni, Cu and Ba as the input of 
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Fig. 10.8 Dendrogram of 18 samples in Q-mode 
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Fig. 10.9 Plot of Eigenvalue 


agriculture and anthropogenic influences. 15% of the total 
variance was explained by the second factor, it represent of 
Mn and Co loading as input of soil waters, but they are 
within the save range. The third factor contributes 11% of 
the total variance, the high loading of Bicarbonate (HCO3) 
and Chromium (Cr) are present in this table. Bicarbonte 
indicates recharge from surface water and Cr could be 


related to the input of weathered rocks and soil water 
interaction. Factor 1 distinguishes samples in relation to the 
enrichment with 47.7% loading іп Ca, Mg, Na, TH and SO, 
and trace such as Fe and Coin the positive F1 axis as shown 
in Fig. 10.10. F2 is also evaluated the quality of water effect 
(16.2%), and it reflects the impact of HCO3, Hg, Mn and Са. 
No variables in the center of axis. So that indicated no clear 
facies of water quality. 


10.5 Conclusion 


Descriptive statistics, Piper diagram and multivariate anal- 
ysis employed to investigate the groundwater quality in the 
upper portion of Wadi Ranyah, Western Saudi Arabia. The 
variation of major ions in the study area reflects the process 
of aridity and rock-water interaction. Multivariate analysis of 
cluster and PCA are considered to explore hidden structure 
for the purpose of interpretation. R- and Q-modes of cluster 
analysis resulted two distinctive sources of water chemistry, 
groundwater-rock interaction and human activities. 

Factor analysis explained with three rotated factors about 
67% of total variance. Despite the rainfall is erratic in Wadi 
Ranyah area, the renewable recharge from other sources 
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Table 10.3 Loading factors 
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Factor 2 : 16.19% 


Fig. 10.10 Plots of F1 versus F2 
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Factor 2 Factor 3 Communality 
0.1588 0.2327 0.854296 
—0.0163 —0.0334 0.349155 
0.1146 0.0732 0.851235 
—0.3434 0.2081 0.199353 
—0.0580 0.1473 0.144769 
0.0957 —0.8187 0.733657 
0.0442 0.1752 0.907698 
0.2469 0.4029 0.456118 
—0.1128 0.7539 0.590554 
0.1160 0.2093 0.882064 
0.0889 —0.0710 0.844591 
0.0837 0.1498 0.731069 
0.0496 —0.0902 0.541373 
0.2114 0.7650 0.634099 
—0.9450 —0.0857 0.934524 
0.4626 —0.3283 0.842106 
—0.8258 0.1785 0.968073 
0.0302 0.0312 0.870747 
0.0097 —0.0131 0.864469 
0.1689 —0.3758 0.641169 
—0.1196 0.1685 0.504419 
0.1392 0.2387 0.238568 
—0.9647 —0.0250 0.953963 
—0.0480 0.4401 0.759174 
—0.9470 —0.0079 0.983937 
—0.0402 —0.1907 0.51052 
15 11 


from streams in the study area help to keep water quality 
within the range of different purposes. Fracture zones, 
weathering rocks and the agricultures activities in the area 
are the main sources of the trace elements of the 
groundwater. 

Trace elements, many factors such as highly weathered 
rocks, complexity and heterogeneity of the rock formations 
in the study area, well drilling conditions at different depths 
and the most important the recharge in both surface and 
groundwater especially in case where the groundwater is 
flowing from different catchment areas which carrying these 
trace elements. Accordingly, Results showed that water 
quality is of Calcium-Bicarbonate type the in Wadi Ranyah 
and it is subject to the conditions that occur variation in the 
concentrations of trace elements. This basin and all its 
branches need sustainable integrated management to develop 
and maintain its water resources. 
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